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ABSTRACT
The purpose of this study was to examine the molecular evolution of floral
developmental MADS-box genes in diploid and allotetraploid cotton (Gossypium,
Malvaceae). We isolated and characterized both cDNA and genomic DNA sequences of
four MADS-box genes, B-sister, APETALA3 (AP3), PISTILLATA (PI, two copies) and
AGAMOUS (AG), in seven Gossypium species (2 A-genome species, 2 D-genome
species, 1 C-genome species and 2 AD-genome species) as well as an outgroup species,
Gossypioides kirkii. We then studied the expression patterns of each gene by reversetranscriptase PCR (RT-PCR) in each flower part for different flower stages of G.
arboreum (A-genome), G. raimondii (D-genome) and G. hirsutum (AD-genome). We
found that these MADS-box genes are evolving independently at the DNA sequence level
but exhibit highly variable expression patterns in allotetraploid G. hirsutum.
These MADS-box genes contain highly conserved exon lengths and exon/intron
structures, high nucleotide identity with homologs in Arabidopsis thaliana and
Antirrhinum majus, and conserved gene phylogeny within the genus Gossypium. All the
genes exhibit evidence of codon bias. The AP3 gene in Gossypium appears to be subject
to positive selection, while the PI-small copy of the PI gene appears to be subject to
strong functional constraints together with a very low mutation rate. Within G. hirsutum,
the B-sister gene exhibits gene silencing of the A-subgenomic homoeolog and the PI-big
copy of the PI gene has experienced pseudogenization by insertion of a copia-like
retroelement. The AP3, PI-small and AG genes show biased expression patterns in G.
hirsutum. These MADS-box genes also demonstrated developmentally regulated
expression patterns in G. arboreum, G. raimondii and G. hirsutum.
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CHAPTER 1
INTRODUCTION
Since Charles Darwin’s statement that the origin of flowers was an “abominable
mystery”, the evolutionary origin of flowers----the most important reproductive structures
of angiosperms----has been a focus of evolutionary and developmental biology (Crepet
2000, Gilbert et al. 1996). Therefore, the evolution of floral developmental control genes
may provide a good platform for understanding the evolution of plant floral forms
(Winter et al. 2002).

Part I MADS-box gene family
1. The genetic hierarchy of flower pattern formation process
Flower development is a pattern formation process that needs a hierarchy of
regulatory genes, such as flowering time genes, floral meristem identity genes and floral
organ identity genes (Theissen & Saedler 1999). Flowering time genes, such as CO, FRI,
FLC, SOC1, FT, LFY, regulate the transition from vegetative to reproductive
development, and are triggered by environmental factors, i.e., day length, light quality
and temperature. Floral meristem identity genes such as LFY, AP1, AP2, FLO and
CAULIFLOWER are mainly expressed in floral primordia, and function in the transition
from vegetative to inflorescence and from inflorescence to floral meristem development.
The floral organ identity genes are homeotic developmental regulatory genes that
function in specifying the identity of the different floral organs. The best known floral
organ identity genes are AP1, AP3, PI, AG genes. The genetic hierarchy of flower
development can be summarized in figure 1 (Theissen & Saedler 1999).

2. Floral organ identity genes
Following the isolation of the first floral meristem identity gene FLORICAULA
(FLO), and the first floral homeotic genes DEFICIENS (DEF) and AGAMOUS (AG) in
2

Environmental & Endogenous Signals

Flowering Time Genes
(FLC, FRI, FCA, LD, CO, etc.)

Floral Meristem Identity Genes
(CAL, AP1, AP2, LFY, TFL1)

Floral Organ Identity Genes
(AP1, AP2, AP3, PI, AG, B-sister, AGL11)

Flowers
Figure 1. The simplified genetic hierarchy of flower development
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1990 (Coen et al., 1990; Sommer et al., 1990; Yanofsky et al., 1990), floral development
has become one of the most investigated and best understood morphogenetic processes of
plants at the molecular genetic level (Theissen & Saedler 1999). These investigations
have led to the conclusion that inflorescence and flower development are determined by a
set of homeotic genes (Weigel & Meyerowitz, 1993; Theissen & Saedler 1999).
Homeotic genes in Drosophila and other animals encode homeodomain-containing
proteins, while in plants most homeotic genes belong to the MADS-box gene family of
sequence-specific DNA-binding transcriptional activators (Coen 1991, Coen &
Meyerowitz 1991). This MADS domain was first identified in yeast MCM1, Arabidopsis
AGAMOUS, Antirrhimum DEFICIENS, and human SRF (Schwarz-Sommer et al..
1990). Subsequently, about 200 MADS-box genes have been characterized in both plants
and animals.
(1) Phylogeny of all the MADS-box genes in plants and animals
There are two types (type I and II) of MADS-box genes in both plants and
animals that were generated by a gene duplication that occurred before the divergence of
plants, animals and fungi more than 1 billion years ago (Nam et al. 2003). Up to now, all
of the well-studied plant MADS-box genes with known expression patterns and mutant
phenotypes are type II genes and belong to a monophyletic clade with a conserved
MIKCc-type domain structure, including a MADS (M-), intervening (I-), keratin-like (K-)
and C-terminal (C-) domain (Riechmann & Meyerowitz 1997). The major difference
between type I and type II plant MADS-box genes are listed in Table 1. De Bodt et al.
(2003) showed the rate of evolution of type I genes is faster than that of type II genes.
(2) Type II plant MADS-box genes--- MIKCc- and MIKC*-type genes
According to Nam et al. (2003), there are two types of type II plant MADS-box
genes. The major difference between MIKCc- and MIKC*-type genes of type II plant
MADS-box genes are that I domain of the former only contains 1 exon while the latter
have 4-5 exons. Both MIKCc- and MIKC*-type genes have been characterized in seed
plants, pteridophytes and mosses. At present 2 moss MADS genes have been
4

Table 1: The major difference between type I and II plant MADS-box genes

Types
Type I

Domain numbers
1-?

K domain
No

Exon numbers/gene
1~2

MADS domain
Highly diverged

Type II

4

Yes

7~8

Mostly conserved

identified that are MIKC* -like and clustered with some plant type I genes. (De Bodt et
al. 2003; Becker & Theissen 2003). No MIKCc- and MIKC*-type genes could be
characterized in green algae Chlamydomonas or the red algae Cyanidioschyzon, although
each contains a single MADS-box gene lacking the I, K and C domain. Moreover, the
MIKCc-type genes, but not MIKC*-type genes, have been characterized from
charophycean green algae (Tanabe et al. 2005). Thus, both types of type II plant MADSbox genes evolved in the charophycean-land plant lineage after its divergence from
Chlamydomonas lineage, and MIKCc-type genes may be likely ancestral to MIKC*-type
genes (Tanabe et al. 2005).
In MIKCc-type of type II plant MADS-box genes the highly conserved MADSdomain at the 5´-end is mainly responsible for DNA binding, dimerization and accessory
factor binding. The relatively weakly conserved I-domain controls the selective formation
of DNA-binding dimers. The K-domain functions for the formation of an amphipathic
helix involved in protein dimerization by a conserved regular spacing of hydrophobic
residues. The variable C-domain at the 3´-end of the MADS-domain proteins is involved
in transcriptional activation or the formation of multimeric transcription factor
complexes, while the function of the N-terminal domain is not clear (only part of AG
genes have the N domain) (Riechmann and Meyerowitz 1997, see figure 2).
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Amino acid identity:
N

64-73%

8-23%

MADS

I

18-38%
K

Core Region

6-14%
C-terminal
Non-core Region

Figure 2. Schematic of structure and functional domains of plant type II MIKCctype genes. The percentage amino acid identity among the different regions of all
plant type II MIKCc-type genes are indicated above each domain.

3. MIKCc-type MADS-box genes
(1) Models of the expression patterns of MIKCc-type genes for floral organ identity
1 The ABC model:
The first studies of homeotic mutants in Arabidopsis thaliana and Antirrhinum
majus led to the identification of some homeotic MIKCc-type genes (AP1, AP3, PI, AG
and CAL), which in turn had led to the publication of the classic “ABC” model of floral
organ identity in eudicots by Coen and Meyerowitz (1991, see figure 3). The
characteristics of eudicots are whorled phyllotaxy, distinct sepals and petals, and specific
numbers of each whorl. Like most angiosperm flowers, core eudicots consist of four
organ types that are arranged in four whorls (sepals, petals, stamens, and carpels). This
ABC model postulates the existence of three homeotic functions A, B, and C in eudicots,
which is each expressed in two adjacent whorls: A specifies sepals in whorl 1, A and B
specify petals in whorl 2, B and C specify stamens in whorl 3, and C specifies carpels in
whorl 4. In addition, A and C are mutually antagonistic: A prevents the activity of C in
whorls 1 and 2, and C prevents the activity of A in whorls 3 and 4.
2 The ABCDE model:
Subsequently, molecular geneticists have identified and isolated an additional
series of genes that control flower development from the model systems Arabidopsis
thaliana, Antirrhinum majus and Petunia hybrida. Among these genes, AGL11 and SEP1,
2, and 3 in Arabidopsis as well as FBP7 and 11 in Petunia are most important for the
ABCDE or A-E model for floral organ identity in eudicots (Juenger et al. 2000,
6

B
(AP3-PI)
A
(AP1, AP2)

B
(AP3-PI)
C
(AG)

A
(AP1, AP2)

C
(AG)

D
(AGL11?)

E
(SEP1, SEP2, SEP3)
Sepal
Petal
Stamen Carpel
Whorl 1 Whorl2 Whorl3 Whorl4

Sepals Petals Stamens Carpels Ovules
Whorl1 Whorl2 Whorl3 Whorl4a Whorl4b

Figure 3. The classical “ABC” model.

Figure 4. The “ABCDE” model.

Pelaz et al. 2000, figure 4). In this model, the A, B and C function are the same as in
ABC model. But D (AGL11) functions in specifying ovules. E (SEP1, 2, and 3) functions
in petal, stamen and carpel identity, and possibly also for ovule identity. Although all the
above genes are expressed in flowers, some MADS-box genes have been found to be
expressed in pollen, endosperm, guard cells, roots and trichomes as well (Purugganan
1998; Alvarez-Buylla et al. 2000b).
(2) Phylogeny of MIKCc-type genes
Purugganan (1998) used phylogenetic analyses to show that the MIKCc-type
genes contain some well-characterized gene clades (i.e., AG, AP3/PI, AP1/SEP1-3 clades)
as well as some orphan genes. Members of these well-characterized clades typically
exhibit similar expression patterns and highly conserved functions. The orphan genes can
also be grouped into different monophyletic clades when more genes and/or homologs
are considered (Becker & Theissen 2003). Therefore, there are at least 14 major gene
clades of MIKCc-type genes (Becker & Theissen 2003; figure 5). Two of the fourteen
clades (FLC and AGL15) have been found in Brassicaceae only, while three of the
fourteen clades (SEP, AP1 and AGL17) existed in at least the most recent common
ancestor monocots and eudicots about 200 MYA. And the other clades also likely existed
in the most recent common ancestor of angiosperms and gymnosperms about 300 MYA
(Becker & Theissen 2003).
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Figure 5. Phylogeny of the twelve gene clades of plant MIKCc-type MADS-box genes
(Becker & Theissen 2003).
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1 Major A-E classes
AP1/SQUA clade (A class):
The AP1 gene functions for sepal and petal development as well as floral
meristem identity. Within the core eudicots two duplications produced 3 gene clades of
AP1/FUL genes: euAP1 clade, euFUL clade and core eudicot FUL-like clade. A FULlike clade also exists in non-core eudicot, magnoliid dicots and monocots (Litt & Irish
2003). Importantly, so far no AP1/FUL genes have been found in gymnosperms, ferns or
mosses. AP1 in Arabidopsis and its homologs (SQUA, CAL, FUL, etc.) in Antirrhinum,
petunia, pea and tomato have quite similar expression patterns and mutant phenotypes,
indicating conserved functions of floral meristem identity genes and floral organ identity
genes (Becker & Theissen 2003). But AP1 homologs in maize function only as floral
organ identity genes (Theissen et al. 2000). The gene FUL (also named as AGL8) is
required for normal pattern of cell division, expansion and differentiation during
morphogenesis of the silique. Because the major part of silique is provided by the carpel
valves, FUL seems like a valve identity gene (Gu et al. 1998). The gene CAL has been
found only in Brassicaceae whose mutations are phenotypically wildtype but together
with mutations in AP1 cause typical cauliflower phenotype, so both are relatively young
paralogs and functionally redundant (Kempin et al. 1995).
AP3/PI clade (B class):
B class genes function for petal and stamen development. Although the phylogeny
of PI-clade genes in all angiosperms shows them to be monophyletic (Becker & Theissen
2003), the phylogeny of AP3 genes consists of a paleoAP3 clade in basal eudicots,
monocots and basal angiosperms and a euAP3 clade in core eudicots. The euAP3 lineage
has subsequently diverged into the TM6 and euAP3 lineages by gene duplication
(Vandenbussche et al. 2003).
At the 3´-end, the euAP3 lineage contains PI-motif-derived motifs and euAP3
motifs while paleoAP3 lineage contains PI-motif-derived and paleoAP3 motifs. Both
euAP3 and paleoAP3 are derived from PI-motif. The euAP3 motif is responsible for
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petal and stamen development while the paleoAP3 motif is only for stamen development.
So the evolution of divergent AP3 C-terminal motif in core eudicot (euAP3 motif) is
correlated with the acquisition of a role in specifying perianth structures (Lamb & Irish
2003).
Only one AP3-like gene has been found in lily, wheat and maize but 2 different
PI-like genes are found in rice and lily and 3 in maize. The AP3-like protein in lily can
form homodimers or form heterodimers with PI-like proteins. However, the B-class gene
GGM2 from Gnetum gnemon can only form homodimers. Thus it appears that obligate Bclass AP3-PI heterodimerization originated from homodimerization. Moreover,
complementation experiments of GGM2 indicated that it could complement the stamen
identity function but not the petal identity function of angiosperm B-class genes. Based
on the finding of B-class gene GGM2 in Gnetum gnemon, B-class genes may have an
ancestral function in distinguishing male reproductive organs from female reproductive
organs where expression of B-class genes is turned off (Becker & Theissen 2003, Winter
et al. 2002).
In maize and rice, the PI-like genes are expressed in carpels as well as stamens
and lodicules, while the AP3-like genes are expressed in stamens and lodicules (Winter et
al. 2002 and references therein). B-class genes have experienced at least 2-3 gene
duplication events in lower eudicot Ranunculidae (Kramer & Irish 1999).
AG clade (C + D classes):
There are four genes in this clade in Arabidopsis: AG (C-class), AGL11 (D-class),
and SHP1 and SHP2 (formerly known as AGL1 and AGL5, respectively; Becker &
Theissen 2003). The AG gene specifies stamen and carpel identity as well as floral
determinacy. AGL11 functions in ovule identity. The SHP1 and SHP2 genes are both
expressed in carpels and fruits. The phylogeny of the AG clade genes may imply that D
class was lost in the lineage which leads to monocots and have been regained by
duplication of the monocot C class gene within monocots (Becker & Theissen 2003).
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Alternatively the evolutionary rate of C- and/or D-class may have changed within
monocots. No AG clade genes have yet been found in non-seed plants.
Gymnosperm orthologs of C-class genes, such as the Gnetum GMM3 locus, are
expressed in the pollen- and ovule-producing structures of the strobili (Winter et al.
1999). Nevertheless, several genes in the AG clade (including SHP1 and SHP2) are
expressed in derived angiosperm-specific structures, such as carpels and fruits. So
Purrugganan et al. (2000) suggested that the expression patterns of the AG group at
different taxonomic levels indicate that these genes diversified from their ancestral
function (sterile and nonreproductive tissue development) to control reproductive organ
differentiation.
Ectopic expression of an AG ortholog from Cycas edentate, CyAG, in ag mutant
Arabidopsis cannot produce the carpeloid and staminoid organs in the first and second
whorls, although the stamen and carpel are rescued in the 3rd and 4th whorls of the
tansformants (Zhang et al. 2004). Within the core eudicots one duplication event
produced 2 gene clades of AG genes: euAG and PLE, while AG-like genes in non-core
eudicot, magnoliid dicots and monocots only contain one clade, i.e. paleoAG clade (Irish
2003). AG can be flower-independently activated by Leafy (Parcy et al. 1998).
SEP1-3 clade (E class):
There are 4 genes in this clade: SEP1-3 and AGL3. While AGL3 is expressed in
all plant organs above ground, SEP1-3 (formerly known as AGL2, 4, and 9, respectively)
have redundant functions for petal, stamen and carpel development as well as determinate
growth of floral meristem. In sep1/2/3 triple mutants all flower organs resemble sepals.
These three genes are still expressed in B and C loss-of-function mutants, and the initial
expression of B and C class genes is not changed in sep1/2/3 triple mutants (Pelaz et al.
2000). The class shows redundant but slightly divergent functions in grasses (Cacharron
et al. 1999; Theissen et al. 1996).
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2 Other “Orphan” clades:
AGL6, AGL12 and B-sister clades:
In Arabidopsis, there are two genes in the AGL6 clade, AGL6 and AGL13. The
AGL6 is expressed in all four floral organs (Mouradov et al. 1998), while the AGL13 is
only expressed in ovules (Rounsley et al. 1995). In maize, two genes belong to this clade:
ZAG3 and ZAG5. ZAG3 expression is found in both male and female maize
inflorescences. ZAG5 is expressed in carpels and sterile floral organs (Mena et al. 1995).
In Gnetum, orthologs have been found in male and female reproductive cones (Winter et
al. 1999). As a result, genes in AGL6 clade (GGM9 and GGM11) seem to be expressed in
reproductive organs (Becker & Theissen 2003). The phylogenetic tree shows that AGL6
is the sister group of AG clade.
The AGL12 clade forms a monophyletic group together with the SEP and AP1
clades. Genes in the AGL12 clade are mainly expressed in roots, while the expression
pattern of its homolog GGM10 in Gnetum could not be detected so far.
The sister-group of B-class genes, Bs genes, such as GGM13, FBP24, ZZM17,
ABS, and DEFH21, are found in Gnetum gnemon, Petunia hybrida, Zea mays,
Arabidopsis thaliana and Antirrhinum majus, and are mainly transcribed in female
reproductive organs: ovules and carpel walls (Becker et al. 2002).
AGL15 and FLC clades:
The AGL15 clade genes have only been characterized in Arabidopsis and
Brassica. In Arabidopsis, this clade only contains two genes, AGL15 and AGL18. AGL15
is mainly expressed in embryos (Rounsley et al. 1995) while the expression of AGL18 is
restricted to endosperm (Alvarez-Buylla et al. 2000a). FLC clade genes (such as FLC,
AGL27, AGL31, etc.) function as inhibitors of flowering, whose expression is detected in
all parts of the plant except inflorescences, and can be downregulated by vernalization
(Sheldon et al. 2000).
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AGL17 and STMADS11 clades:
There are only 4 genes in the AGL17 clade in A. thaliana, AGL16, AGL17,
AGL21 and ANR1, among which only the mutant phenotype of ANR1 is known as
inhibition of lateral root proliferation in response to nitrate-rich zone (Zhang & Forde
1998). The expression pattern of AGL17, AGL21 and ANR1 can only be detected in roots,
although AGL16 mRNA accumulates in leaves and epidermal cells of roots (AlvarezBuylla et al. 2000a). In the STMADS11 clade, there are only two genes, AGL24 and SVP
in A. thaliana. AGL24 functions as a floral promoter (Yu et al. 2002) while SVP is a floral
repressor (Hartmann et al. 2000).
(3) Evolution of MIKCc-type genes
Accumulating evidence suggests that changes in the coding regions of regulatory
genes may play a secondary role during the evolution of eukaryotic developmental
systems, while changes in regulatory gene expression patterns provide the major
mechanism for morphological divergence (Gerhart and Kirschner 1997). Relative-rate
tests do not show any appreciable evolutionary rate differences of sequence divergence
between orthologous loci (Purugganan 1997), which is in contrast to the significant
variation in floral and inflorescence morphologies. This would support the idea that
differential regulation, and not differential gene sequence, may be the major component
of regulatory gene evolution (Gerhart and Kirschner 1997). However, there appear to be
significant differences in the evolutionary dynamics of paralogous regulatory genes
performing distinct developmental functions, such as PI and CAL evolution described
above (Lawton-Rauh et al. 1999).
1 Tempo of evolution among developmental loci
Purugganan’s (1995) analysis of Arabidopsis thaliana and Antirrhinum majus
floral homeotic genes revealed significant differences in the rates of nonsynonymous
nucleotide substitutions in different regions of developmental genes. Of the three large
domains within these genes, the MADS-box has the lowest substitution rate, followed by
K-box, and lastly, C-terminal domain, which evolves at the rate of the estimated mean
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evolutionary rate of nuclear genes. Moreover, the various gene regions display significant
differences in nonsynonymous/synonymous substitution rate ratios (Ka/Ks). For the both
AP3 and PI groups, this Ka/Ks substitution ratios for the K-box and C regions are roughly
equivalent, suggesting that these two regions are under similar levels of selective
constraint. In AG and AP1/AGL9 groups, however, there appears to be a marked increase
for the C region’s Ka/Ks ratio when compared to the K-box and these ratios for MADSand K-boxes in AP1/AGL9 genes are comparable, indicating these regions fix amino
acid-replacing substitutions at about the same rate, and that the AP1/AGL9 K-box is
under greater level of sequence constraint than in other genes.

In another analysis (Lawton-Rauh et al. 1999), the AP3 gene appears to show
substantial constraint in both core (MADS-box domain, I domain and partial K domain)
and noncore domains (most K domain and C-terminal domain). In AP1, CAL and PI,
however, the noncore region exhibits as many or more nonsynonymous substitutions
relative to synonymous substitutions than does the core domain, and only AP1 has
significant differences between core and noncore domains. Nevertheless, the AP3
noncore region has half as many nonsynonymous substitutions as core region in
comparisons between A. thaliana and B. oleracea, while AP1 and PI noncore regions has
two to three times the nonsynonymous evolution rate for core regions in A. thaliana vs.
A. majus or S. latifolia.
It is unclear why some regions of these genes evolve at different rates. Functional
and genetic studies demonstrate that alteration of sequence in these domains of some
genes result in changes in protein function, so the rapidly evolving regions at some
control loci do not appear to be dispensable (Kempin et al. 1995). Purugganan (1998)
suggests that regulatory diversification may be accompanied by rapid sequence evolution
which results in phenotypic variations that are observed even between closely related
species, and that rapid change may also be partly driven by coevolutionary mechanisms
between epistatically interacting loci.
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2 Locus-by-Lineage Effects of Floral Homeotic Genes
Plant genes may evolve at different rates along different species lineages (Gaut et
al. 1997), but the relative ratios of nonsynonymous distances between floral homeotic
genes among different species lineages (Arabidopsis, Brassica, Antirrhinum and Silene)
are remarkably similar, implying similar patterns of evolutionary rate among the genes
between taxa, and suggesting that selection for floral morphological diversification
between taxa is not associated with large, statistically significant differences in rates of
molecular evolution among these specific taxonomic lineages (Lawton-Rauh et al. 1999).
Nevertheless, it appears from maximum likelihood ratio tests that AP3/PI group genes are
evolving at about 20-40% faster than all other MADS-box genes (Purugganan 1997).
3 The mechanisms of evolution of MIKCc-type genes
It is known that MIKCc-type genes have experienced extensive duplication. For
example, there are 107 such a gene family in Arabidopsis and at least 71 in rice
(Parenicova et al. 2003; Nam et al. 2004). The possible mechanisms are positive selection
which could result in divergent roles for such gene family, and pseudogenization by
which some genes have been functionally lost in various lineages.
(4) Summary and future prospects
Recent efforts in molecular developmental genetics have tried to understand
molecular evolution and developmental expression, as well as the relationship of these to
morphological differences of flowers (Purugganan et al. 1995, Purugganan 1998,
Theissen and Saedler 1999). It is becoming clear that floral developmental processes are
controlled by the interaction of homeotic genes. Thus, it is important to investigate whole
gene families and pathways, in addition to detailed analysis of single genes (Theissen and
Saedler 1999). We currently know very little about the molecular evolution of
developmental genetic pathways and the genes that comprise them, especially those
outside of model systems like Arabidopsis, Antirrhinum and Petunia. Two key questions
still remain: What are the mechanisms of the molecular evolution of developmental
regulatory genes? And what is the relationship between the evolution of these regulatory
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genes and changes in floral developmental patterns (Purugganan 1998)? As a result,
developmental control genes will be studied less individually, but rather as components
of complex gene regulatory networks. Understanding the origin and evolution of these
gene networks will also help to clarify the origin and diversification of flowers (Theissen
and Saedler 1999).

Part II Polyploidy
Polyploidy is the result of genome duplication from either a single genome
(autopolyploidy) or a combination of two or more genomes (allopolyploidy). Although it
was earlier thought that polyploidization had contributed little to evolution (Stebbins
1971), the current view is that polyploidy is a prominent and pervasive force, as well as
an ongoing process in evolution (Leitch and Bennett 1997; Wendel 2000). Recent studies
have demonstrated that genome doubling has played a significant role in the evolution of
all eukaryotes (Wendel 2000). It is estimated that about 70% of angiosperm lineages have
experienced one or more rounds of polyploidization, followed by diploidization processes,
including gene silencing, genomic reorganization, elimination and/or divergence of
duplicated sequences (Soltis & Soltis 1999; Adams & Wendel 2005). Polyploidization (as
well as amplification of retrotransposons) followed by differential duplicate gene loss are
largely responsible for plant genome expansion and contraction.
Polyploidy may have some adaptive significance, including the possibility of the
evolution of novel phenotypes, increased drought tolerance, apomixis, pest resistance,
flowering time, organ size and biomass (Osborn et al. 2003). All of these novel variations
may come from the changes in gene expression through variation in dosage-regulated
gene expression, altered regulatory interactions, rapid genetic and/or epigenetic changes,
which allow polyploids to be better adapted to different or changed environments. Recent
studies on polyploidy formation and evolution at genic and genomic levels have
increased our understanding of the evolutionary dynamics of duplicate genes and
genomes.
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1. Initial stages of polyploidy formation
The most important consequence of polyploidization is complete to near-complete
genetic redundancy, which allows “divergence after duplication” because of the buffering
effect of duplicated genes. But the evolutionary fate of duplicated genes varies widely
among taxa and among different components of the genomes.
(1) Cytonuclear stabilization following polyploidization
Growth and development in polyploid organisms requires a coordinated
regulation of expression of the two (same or closely related) nuclear genomes and one set
of organellar genomes. Since organellar genomes have experienced huge gene loss and
gene transfer to nucleus, the cytonuclear coordination of the two nuclear genomes and the
set of organellar genomes are a key point for the survival and fertility of the first
polyploid generation. In Brassica polyploids, because the A-genome is more closely
related to the C-genome than to the B-genome, no significant cytoplasmic effect has been
found in reciprocal synthetic Brassica tetraploid AC-genomes, but a biased cytonuclear
effect was detected in reciprocal synthetic Brassica tetraploid AB-genomes (Song et al.
1995).
At the beginning of the successful formation of polyploids, several mechanisms
(such as rapid genetic and epigenetic changes, see below) will function to further finetune the cytonuclear cooperation and then homogenize the combined subgenomes.
(2) Rapid genetic changes
1 Loss of parental DNA fragments
In newly synthesized polyploid wheats, one of the major and immediate changes
resulting from allopolyploidy is fast and reproducible DNA sequence loss, which
includes noncoding DNA sequences, low-copy chromosome- or genome-specific
sequences, and even functional low-copy genes (Feldman et al. 1997; Ozkan et al. 2001;
Shaked et al. 2001; Kashkush et al. 2002). This rapid DNA sequence elimination is
nonrandom and happens as early as in the F1 generation or just after the chromosome
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doubling, which implies that it is not induced by meiosis. The mechanism of sequence
elimination may be excision of eliminated sequence and subsequent loss via transposon
excision. Interestingly, no effects through point mutations and recombination have been
found in newly synthesized allotetraploid wheats (Shaked et al. 2001).
2 Regain of parental restriction fragments and appearance of novel fragments
Both regain of parental RFLP fragments after their initial loss, and appearance of
novel fragments are common in Brassica and wheat allotetraploids. For example, in
newly synthetic allotetraploid Brassica F5 generations, both appearance of novel
fragments and regain of parental restriction fragments which were lost in F2 generation
have been observed (Song et al. 1995). The possible mechanism is nucleotide mutation
which changed the digestion sites of the enzymes. As demonstrated by Song et al. (1995),
these changes are apparently random, because individuals from the same and different
generations exhibited greatly variable patterns of RFLP fragments.
(3) Rapid epigenetic changes
1 Rapid gene silencing
Allotetraploidy is often accompanied by epigenetic gene silencing of a variety of
genes (Liu & Wendel 2002). In newly synthesized Arabidopsis allotetraploids between A.
thaliana (maternal) and Cardaminopsis arenosa (paternal), rapid gene silencing has been
found in 20 of 700 genes examined by cDNA-AFLP, which includes transposons, AP2
gene family and Adh1 gene (Comai et al. 2000). This gene silencing is epigenetically
induced because the silencing arose immediately upon polyploid formation and in the
absence of gene deletion, which can be verified by the presence of the corresponding
genomic DNA. As stated by Liu and Wendel (2002), “gene silencing by epigenetic
instead of mutational means in a natural allpolypoid provides the potential for
developmental or tissue-specific reversibility, which may provide an evolutionarily
adaptive regulatory flexibility.” An example is the reciprocal, organ-specific silencing of
the two duplicates of the adhA gene in synthetic tetraploid Gossypium (Adams et al.
2003).
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2 Changes in DNA methylation patterns
Both cytosine methylation and histone deacetylation work together for the
changes in DNA methylation patterns. An example is the nucleolar dominance of rRNA
genes by epigenetic silencing in allotetraploid Brassica and wheat. Alterations in cytosine
methylation patterns in newly synthetic allopolyploid wheat have been demonstrated in
both repetitive DNA sequences (such as retrotransposons) and low-copy DNA in
approximately equal proportions (Shaked et al. 2001). The changes in DNA methylation
patterns can be shown by using 5-aza-2´-deoxycytidine, which is an inhibitor of DNA
methyltransferase and can cause altered morphologies in new synthetic allotetraploid
Arabidopsis but not in its parents (Madlung et al. 2002).
3 Novel expression patterns and activation of Retrotransposons
Emergence of novel expression patterns may arise via epigenetic changes or
involvement of retroelements. Comai et al. (2000) observed that, among 700 transcripts
studied, two that did not exist in either parent appeared in the allotetraploid of
Arabidopsis X Cardaminopsis. It is unknown why these two transcripts could be detected
in allotetraploid Arabidopsis. However, in newly synthesized allotetraploid wheat,
Kashkush et al. (2002) found that 12 genes were activated and all of these genes are
retroelements.

2. Longer-term genic and genomic evolution
(1) Longer-term genic evolution
Genes duplicated through polyploidy may diverge gradually by acquiring new
gene functions and finally give rise to multigene families (model of divergent evolution,
Ingram 1961). The different fates of duplicate genes had been originally predicted by
Ohno (1970): one of the duplicates is either lost (pseudogenization or elimination from
the genome) or gains a new function (neofunctionalization). Since then, it has been
widely accepted that most duplicated genes are lost, because deleterious mutations are
more probable than advantageous ones.
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Subsequent to Ohno’s (1970) paper, four important models have been proposed to
explain long-term gene evolution in polyploids. Firstly, Brown et al. (1972) proposed the
concerted evolution model to explain the evolution of rRNAs in Xenopus, because
rRNAs are encoded by a number of tandemly repeated genes and the intergenic
sequences of these genes are more similar within a species than between related species.
Secondly, the Birth-Death-Innovation model (BDIM, Nei et al. 1992) describes
the elementary processes of family growth via birth (gene duplication), death (gene
inactivation or loss) and innovation or emergence (through extensive modification,
horizontal gene transfer or origin of a new protein from non-coding DNA or exonshuffling). The model shows excellent matches to experimental data.
Thirdly, the Duplication-Degeneration-Complementation model (DDCM, Force et
al. 1999) proposes that, after duplication, both copies often acquire complementary lossof function mutations in independent subfunctions, such that both genes are required to
produce the full complement of functions of the single ancestral gene. This degeneration
and complementation evolution does not depend on the rare events of beneficial
mutations, but on variations of regulatory regions and/or changes in coding regions of
duplicated genes.
Finally, 3´-terminal frameshift mutations might provide a new mechanism to
generate novel functional C-terminal motifs instrumental to the functional diversification
of transcription factor families, such as MADS-box family (Vandenbussche et al. 2003).
The combination of all of the above three models can better describe the fate of
the long-term genic evolution, which has been summarized by Wendel (2000) as
divergence in function, gene silencing, retention of original or similar functions, and
interaction among duplicated genes. Several examples describing the various fates of
duplicated genes are described below:
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1 Gene loss
Recent studies in maize demonstrated that about half of all duplicate genes have
been lost since the polyploidization event at about 11.4 MYA that gave rise to the
progenitor of maize (Lai et al. 2004). Moreover, studies of the most recent genome
duplication event in Arabidopsis (which experienced at least 3 rounds of
polyploidization) observed that genes functioning in transcription and signal transduction
have been preferentially retained, while those involved in DNA repair and organellar
functions have been preferentially lost indicating that gene loss is non-random.
Interestingly, the duplicated genes that are retained in the genome after one round of
polyploidy are more likely to remain in the genome after a subsequent duplication
(Seoighe & Gehring 2004).
2 Gene silencing
In young polyploids, both parental genes are usually expressed, which has been
demonstrated in tetraploid Tragopogon (originated about 100 years ago, Soltis et al.
1995) and hexaploid wheat (originated about 8000 years ago, Feldman et al. 1995). In
older polyploids, however, loss of duplicate gene expression is very common. Gene
silencing in young polyploids generally results from epigenetic repression, which is
reflected by D-subgenome directional suppression of A- and/or B- subgenome genes in
hexaploid wheats (Ma et al. 2005). With respect to older polyploids, gene silencing may
come from point mutations, indels (e.g. PgiC2 gene in Clarkia mildrediae, Gottlieb &
Ford 1997), gene elimination (see above) or activations of transposable elements (e.g. a
retrotransposon inserted into Glu-1 gene in hexaploid wheat, Harberd et al. 1987).
3 Neofunctionalization
Neofunctionalization can result from diversification in protein sequence and
function as well as novel patterns of gene regulation. As a result, the functional
divergence of duplicated genes can be demonstrated at the level of DNA sequence,
protein sequence and structure, 5´- and 3´- regulatory regions, and spatial and temporal
expression patterns. The typical example of this functional divergence is B class AP3 and
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PI genes. Both gene clades in angiosperms group together in the phylogenetic tree with
gymnosperm B class genes as sister group (see figure 5). Apparently the AP3 gene clade
and PI gene clade originated by duplication but diverged by neofunctionalization.
4 Subfunctionalization
The subfunctionalization of duplicated genes may confer some advantages for
regulatory networks of the genes. In maize, the two duplicates of the AG gene which is
expressed in both stamens and carpels evolved into ZMM2 and ZAG1, which are
primarily expressed in stamens and carpels, respectively (Mena et al. 1996). Another
example is C-class and D-class MADS-box genes in angiosperms which are derived from
AG subfamily via an ancient duplication and function in carpel & stamen identity and
ovule identity, respectively (Theissen 2001).
5 Independent evolution
Most duplicated genes in allopolyploid cotton are evolving independently (Cronn
et al. 1999; Adams et al. 2003; Cedroni et al. 2003; Senchina et al. 2003), which causes
each homoeolog in allopolyploids to form a monophyletic clade with its parental donor.
The possible mechanisms may be: 1) increased transcript levels of the gene are favored; 2)
redundancy confers subtle fitness advantages; 3) mutations in one copy cause deleterious
interactions within its regulatory network; and 4) allele dosage effects make the
duplicated genes coevolve (Wendel 2000).
(2) Longer-term genomic evolution
Diploidization following polyploidization is the major evolutionary process of
polyploidy, which can occur through chromosomal structural changes and non-Mendelian
changes. The structural changes include chromosomal rearrangement (via homoeologous
recombination or transposable elements, i.e. TEs), sequence introgression and
elimination. The non-Mendelian changes may come from nucleotide methylation, histone
deacetylation and transposable element activation. All of the above mechanisms can
provide the physical basis for the rapid restoration of diploid-like chromosome pairing
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following polyploidization (Wendel 2000).
1 Chromosomal rearrangement
Chromosomal rearrangements, such as inversions and translocations, have been
demonstrated to be common in polyploids (Wendel 2000). A typical example is the
rearrangement of paternal rDNA in allotetraploid Nicotiana. In the natural allotetraploid
N. tabacum which originated about 5-6 MYA, Volkov et al. (1999) found that maternal
rDNA has been eliminated while the paternal rDNAs contributed the majority of rDNA
and has been rearranged. The presence of chromosomal rearrangement in polyploids
implies the recombination between homoeologous chromosomes in polyploids.
2 Sequence intergenomic introgression
The evolutionary interdependence among the subgenomes in allopolyploids is a
common consequence of allopolyploidy, and may give rise to intergenomic exchange of
chromosome segments, intergenomic concerted evolution, and intergenic and/or
intergenomic recombination (Wendel 2000). By using in situ hybridization experiments,
Zhao et al. (1998) found that the repetitive DNA sequences which are A-genome specific
can hybridize with both A- and D-subgenome chromosomes in allopolyploid cotton (ADgenome). This result has further been demonstrated in Hanson et al. (1998) in which six
A-genome-specific repetitive sequences hybridized to both subgenomes of allotetraploid
G. hirsutum.
3 Sequence elimination
Rapid sequence elimination after polyploidization has been demonstrated in
wheat and Brassica. Feldman et al. (1997) found rapid elimination of low-copy
nonconding DNA sequences in allopolyploid wheat because each of 9 parental-specific
probes was retained in only one of the allotetraploid subgenomes. Interestingly, similar
DNA sequence elimination patterns were also observed in synthetic allotetraploids,
implying that polyploidy-induced sequence elimination is a direct, non-random process
(Liu et al. 1998). Sequence elimination may be contributable to the rapid divergence and
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stabilization of the two homoeologous genomes in allotetraploids and further
diploidization of chromosome pairing since the formation of the polyploidization
(Wendel 2000).
4 Epigenetic silencing
Instead of gene silencing or loss by genetic mutations (including indels,
rearrangements and involvement of transposable elements), gene silencing can also be
epigenetically controlled and may involve nucleotide methylation and chromatine
remodeling. In natural allotetraploid Arabidopsis suecica, Lee and Chen (2001)
demonstrated that 25 of 110 parental protein-encoding genes are subject to epigenetic
silencing. The presence of epigenetic silencing in allotetraploid wheat and Arabidopsis
may contribute to homogenize the incompatibility of the two subgenomes in
allopolyploids.

Part III The Genus of Gossypium L.
1. Phylogeny of the genus Gossypium L.
(1) Genealogical framework and main divergence of genus Gossypium
The genus Gossypium L. (Malvaceae) includes about 50 species distributed in tropics and
subtropics (Fryxell 1992; Wendel & Albert 1992). These species can be grouped into
eight diploid genome groups (A, B, C, D, E, F, G, K genomes) and one tetrapolyploid
AD-genome (see table 2 for the chromosome numbers, species numbers and distribution
area of each genome; Fryxell 1979, 1992). The origin and domestication of cultivated
cotton only refers to four species in this genus two of which belong to A-genome group
and two from the AD-genome group, each having been domesticated independently for
their seed hairs (fibers) for at least 5000 years (Brubaker et al. 1999). Because of its
commercial value, Gossypium has a model system for studying the influence of
allopolyploidy on the molecular evolution of genes (Adams & Wendel 2005; Adams et al.
2003; Cedroni et al. 2003; Cronn, et al. 1999, 2002; Hawkins et al. 2006; Senchina et al.
2003; Small et al. 1998, 1999; Small & Wendel 2002, 2000a, 2000b; Wendel 2000).
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Table 2: Chromosome number, species number and distribution area of each
genome of the genus Gossypium.
Genome

Chromosome number

Number of species

Distribution area

A

26

2

Africa

B

26

4

Africa

C

26

2

Australia

D

26

13

E

26

7

Africa

F

26

1

Africa

G

26

3

Australia

K

26

12

Australia

AD

52

5

Kokia drynarioides

24

-

Hawaii

Gossypioides kirkii

24

-

East Africa,

New World

New World

OutGroup:

Madagascar
1 A-genome
The A-genome lineage contains only 2 species, G. arboreum and G. herbaceum,
which are very closely related but distinct (Fryxell 1992). These species are the only
diploids with true lints (i.e., spinnable “cotton” fibers). Gossypium arboreum is known
only from cultivation in India where it has been cultivated since ~5000 years BP (before
present). Gossypium herbaceum is distributed in savanna vegetation of southern Africa
and cultivated in Arabia and Syria. It is still unknown whether G. herbaceum gave rise to
G. arboreum or both diverged from a common ancestor prior to human cultivation.
Because their fibers are shorter (< 7/8 inch) and sparser than the tetraploid fiberproducing cotton, they were widely replaced by tetraploids for fiber production 100 years
ago.
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2 D-genome
There are about 13 species in the D-genome lineage, most of which occur in
Mexico (Fryxell 1992). The exceptions are G. raimondii found in Peru, G. klotzshianum
found in Galapagos and G. thurberi in Arizona. Among these 13 species, G. raimondii is
more closely related to D-subgenome of tetraploid cotton than to any other D-genome
species (Wendel 1995). Among the other 12 species in D-genome, G. gossypioides is the
closest relative of G. raimondii in the chloroplast genome, although phylogenetic analysis
of nuclear DNA sequences indicates that it occupies a basal position in the D-genome
clade (Cronn et al. 1996; Liu et al. 2001; Small & Wendel 2000a).
3 B, E, F-genomes
The distribution areas of these three genomes are the same as which of A-genome,
i.e. in Africa. According to Cronn et al. (2002), these four African genomes are
monophyletic and group together with Australian genomes (C-, G- and K- genomes).
Within these African genomes, F-genome is more closely to A- than to the other two
genomes (Small et al. 1999; Cronn et al. 2002).
4 C, G, K-genomes
These three genomes form a monophyletic group, and are distributed in Australia.
The initial data (Wendel & Albert 1992) suggested a C-genome basal position, but all
subsequent data have shown that the C, G, K-clade is sister to the A-genome clade
(including all African genomes (Small & Wendel 2000; Cronn. et al. 2002). The oldest
taxa of them, G. robinsonii, is distributed in westernmost Western Australia, which
implies that the ancestors of all these species might have been transported from Africa to
western Australia, then further to the other parts of Australia (Wendel 1989).
5 AD-genome
The AD-genome lineage contains only 5 species, whose distribution areas are
shown in figure 5. Phylogenetic trees show that all of these 5 species form a
monophyletic group, which implies that they originated only once (Wendel 1989; Small
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et al. 1998). Among these 5 species, only G. hirsutum and G. barbadense have been
widely cultivated independently for fibers (as well as seed oil and protein meal) for about
5000 years.
After decades of intensive studies, it is known that these tetraploid species
originated from the hybridization of diploid A-genome and D-genome cottons at about
1.5-2 MYA (Wendel 1989; Small et al. 1998). During the Pleistocene (1.8 MYA ~
10,000 years ago), the alternating advance and retreat of glaciation caused sea levels to
fluctuate up to 150 meters, enabling the origin of AD allotetraploidy at the littoral zone
(Wendel & Cronn 2003). The mechanism of AD-genome origination requires longdistance trans-oceanic dispersal of an A-genome species from Africa to Mexico,
hybridization between the A-genome transplant and a D-genome species in Mexico,
polyploidization of the new hybrid, followed by divergence and dispersal of these
allotetraploids from Mexico to Mesoamerica (G. hirsutum), Peru-Ecuador (G.
barbadense), Hawaii (G. tomentosum), Galapagos (G. darwinii) and Brasil (G.
mustelinum) (Wendel & Cronn 2003).
(2) Possible origin and dispersal pathways of the genus of Gossypium
The possible origin and dispersal pathways of the genus of Gossypium are
summarized in figure 6 (Wendel 1995). The origin of the genus was probably in Africa.
The first diverged group dispersed to Australia at 11-12 MYA and diverged into C-, Gand K-genomes. After that, the genus in Africa diverged into A-, B-, E- and F-genomes.
Then, another clade dispersed to Mexico and formed the D-genome, whose species are
mainly distributed in Mexico with 3 species in Arizona, Galapagos or Peru. At about
1.5~2 MYA, the A-genome dispersed from Africa to Mexico and hybridized with the Dgenome to form AD allotetraploid, followed by divergence and dispersal into
Mesoamerica, Peru-Ecuador, Hawaii, Galapagos and Brazil (Wendel & Cronn 2003).
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New World

Arizona
D (G. thurberi)

Mesoamerica
AD (G. hirsutum)
Peru-Ecuador
AD (G. barbadense)
Hawaii
AD (G. tomentosa)

Galapagos
D(G. klotzshianum)
Mexico
AD

Peru
D (G. raimondii)

D

Galapagos
AD (G. darwinii)
Brazil
AD (G. mustelinum)

Africa
A (G. herbaceum)

Asia
A (G. arboreum)

F

B

E

Australia
C
G

K

Figure 6. Summery of the possible origin and dispersal pathways of genus
Gossypium.
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2. Molecular Evolution of genes and genomes in Gossypium
(1) Genomic Evolution in the genus Gossypium
Considering that the genus Gossypium diverged into eight diploid genomes and
one allotetraploid genome, it is interesting to study the genomic evolution in this genus.
Interspecific recombination and repeated cycles of genome duplication have been
demonstrated in diploid genomes, and genomic additivity and stabilization together with
minimal changes have been shown in allopolyploid genomes.
1 Interspecific sequence introgression
Interspecific recombination was first documented in an Australian G-genome
species G. bickii, whose chloroplast genome is identical to a C-genome species G.
sturtianum, while its nuclear genome is closely related to the other two G-genome species
(Wendel et al. 1991). Thereafter, this phenomenom has been found in some other
species, including G. aridum (DeJoode 1992; Wendel & Albert 1992), G. gossypioides
(Wendel at al. 1995), G. cunninghamii (Wendel & Albert 1992), all B-genome species
(Cronn et al. 2002) and AD allotetrapolyploids.
2 Repeated cycles of genome duplication
It is estimated that many genetically diploid speces are actually ancient polyploids,
such as maize, Brassica, and Gossypium (Wendel 2000). Comparative genetic mapping
studies showed that modern diploid cotton genomes (n=13) contain 2 sets of 6 or 7
chromosomes, indicating they are in fact paleotetraploids at least 20-40 MYA (Brubaker
et al. 1999). Blanc & Wolfe (2004) estimated that there were at least four large-scale
duplication events (polyploidy or aneuploidy) in the history of tetraploid G. hirsutum.
The repeated cycle of diploidization following polyploidization may be advantageous to
the reproduction and development of allopolyploids.
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3 Genomic additivity and chromosomal stabilization with minimal epigenetic stasis
in allopolyploid cotton
Genetic mapping by using RFLP probes in interspecific F2 progenies for both
diploids and allopolyploid cottons (Brubaker et al. 1999) found only two reciprocal
translocations and 19 inversions within allotetraploids compared to their parental
genomes. Moreover, Liu et al. (2001), in an AFLP analysis of about 22,000 genomic loci
in newly synthetic allopolyploid cotton found genomic additivity in nearly all loci, and
epigenetic changes following polyploid synthesis were minimal by using methylationsensitive and methylation-insensitive enzymes, suggesting that allopolyploidization in
Gossypium was not accompanied by extensive chromosomal rearrangements or changes
in methylation patterns. Brubaker et al. (1999), however, did observe that, compared to
their diploid counterparts, A- and D-subgenomes in allopolyploid cotton had increased
recombination, 52 and 59% higher, respectively.
(2) Allopolyploidy-induced Genic Evolution in the tetraploid Gossypium
Following the formation of allopolyploid cotton, the two homoelogous genes
from two different parental donors may have experienced independent evolution (i.e.
forming phylogenetic sister groups with either parental donor), concerted evolution, or
functional diversification, such as neofunctionalization and subfunctionalization.
1 Intergenomic interactions
Interlocus homogenization has created D-genome-like 18S-26S rDNAs (which
are ~3800 repeats with each being 10 kb long) in four of the five allotetraploid species,
while in G. mustelinum all rDNAs repeats have been changed to an A-genome-like form
(Wendel et al. 1995). The possible mechanisms may be unequal crossing over and/or
gene conversion. In addition to rDNA interlocus concerted evolution, intergenomic
colonization of the D-subgenome by A-subgenome interspersed or dispersed repetitive
elements as well as retroelements in allotetraploid G. hirsutum has been demonstrated
(Hanson et al. 1998; Zhao et al. 1998). The possible mechanisms may be replicative
transposition and/or gene conversion.
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2 Independent evolution of 5S rDNA and low-copy nuclear genes
In contrast to what is seen in 18S-5.8S-16S rDNA arrays, independent gene
evolution in allotetraploids can be found in at least 50 genes, such as 5S rDNAs, Adh
(Adams et al. 2003; Cronn et al. 1999; Senchina et al. 2003; Small & Wendel 1999,
2000a, 2002) and MYB genes (Cedroni et al. 2003). This independent evolution results in
each homoeolog from the allotatraploids to be phylogentically sister to its parental donor
in phylogenetic analyses. In addition, the evolutionary rates of both homoeologs are
equivalent in allotetraploids as of their homologs in parental diploids (Cronn et al. 1999).
Thus, there is little evidence for accelerated genic evolution after the formation of
allotetraploid cotton.
3 Biased transcription and reciprocal silencing of duplicated genes
Changes in expression patterns of both homoeologs in allopolyploids are very
common in allotetraploid wheat and Arabidopsis because of epigenetic regulations.
Adams et al. (2003) found 25% of 40 genes studied exhibited altered expression in one or
more organs in both newly synthetic and natural allopolyploid cotton relative to the
patterns in their diploid progenitors. Additionally, organ-specific reciprocal silencing has
also been found in 11 of 18 genes studied in the same work (Adams et al. 2003). This
biased transcription and reciprocal silencing of homoeologs in allotetaploids may result
in functional divergence and/or subfunctionalization of the duplicated genes, or
homogenization of the two subgenomes in a single nucleus.
4 Unequal evolutionary rates of A- and D-subgenome genes
Some studies show an overall acceleration in evolutionary rate in D-subgenome
genes relative to A-subgenome homoeologs, although most of them are not significant
(Cedroni et al. 2003; Cronn et al. 1999; Senchina et al. 2003; Small et al. 1999; Small &
Wendel 2000b, 2002). The significant rate variation mainly happened to putative
pseudogenes, i.e. AdhC pseudogene (Cronn et al. 1999). This indiated that both
duplicated genes in allotetraploid cotton are evolving at the similar rate as their homologs
in parental donors.
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5 Unequal contributions of A- and D-subgenomes
Because of the difference of the two subgenomes in allotetraploids, A- and Dsubgenomes may contribute differently to the combined genomes. For example, Agenome species contain seed lints while D-genome species only contain seed fuzz. In
allotetraploid cotton, however, it was found that 10 of 14 QTLs for fiber-related traits are
located in the D-subgenome (Jiang et al. 1998); for disease resistance, five of six
resistance genes were found to be localized to the D-subgenome (Wright et al. 1998); and
14 of 21 QTL for leaf morphology were mapped to the D-subgenome (Jiang et al. 2000).
The unequal phenotypic contributions of two subgenomes in allotetraploids may be the
consequences of the biased expression and reciprocal silencing of duplicated genes.
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CHAPTER II
MATERIALS AND METHODS
Part I Plant Materials
MADS-box genes were isolated from seven Gossypium species, including the
only two living models of the ancestral A-genome (G. arboreum L. and G. herbaceum
L.), two species of the D-genome (G. raimondii Ulbrich and G. gossypioides (Ulbrich)
Standley), two allotetraploids (G. hirsutum L. and G. barbadense L.), one C-genome
representative (G. sturtianum J.H. Willis), and Gossypioides kirkii J.B. Hutchinson which
was used as phylogenetic outgroup (Seelanan et al. 1997; see table 3). Young leaves were
harvested from greenhouse-grown plants for DNA extraction. Roots, leaves, floral buds
and flowers were collected from greenhouse-grown G. arboreum, G. raimondii and G.
hirsutum for RNA extraction.
Table 3: Taxa included in the present study

Taxon

Genome

Accession

G. arboreum L.

A

A2-47

G. herbaceum L.

A

A1-73

G. raimondii Ulbrich.

D

D5-37

G. gossypioides (Ulbrich.) Standley

D

D6-2

G. sturtianum J. H. Willis

C

C1

G. hirsutum L.

AD

TM1

G. barbadense L.

AD

Pima S6

Gossypioides kirkii J.B. Hutchinson

Outgroup
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Part II Methods
1. Cloning and sequencing of MADS-box genes
To isolate and characterize MADS-box genes from cotton, we used universal
MADS-box domain-specific primers for PCR reactions, then sequencing, from total RNA
to isolate MADS-box domains of almost all MADS-box genes in cotton. Then we
designed gene-specific primers for 3′ RACE and 5′ RACE to isolate and sequence whole
cDNAs of MADS-box genes. Finally, we designed gene-specific primers for PCR
amplification of each gene from each genomic DNA, followed by cloning and
sequencing.
(1) RNA extraction
Total RNA was isolated from floral buds of G. arboreum, G. sturtianum, G.
hirsutum and G. barbadense, which were grown in greenhouse, using published methods
(Wilkins & Smart 1996). To remove trace contamination of genomic DNA, RNA was
treated with DNA-freeTM according to manufacturer’s instructions (Ambion, Austin, TX,
USA).
(2) Isolation of cDNAs of MADS-box domains by RT-PCR, Cloning and Sequencing
To amplify cDNA of the MADS-box domain of each of the genes B-sister, AP3,
PI and AG, RT-PCR reactions were performed using the RETROscript kit according to
the manufacturer’s instructions (Ambion, Austin, TX, USA). Total RNA of G. arboreum,
G. barbadense and G. hirsutum were primed with the random decamers provided in the
kit, and cDNA was synthesized by reverse transcription, followed by PCR with MADSbox-specific primers MADS1 and MADS43 as described (Rounsley et al. 1995). PCR
reaction conditions were as follows: a 10-ul reaction with 0.25 U Taq polymerase
(TaKaRa, Japan), 1X buffer (Promega), 200 µM each dNTP, and 0.1 µM each primer.
PCR cycling conditions included an initial denaturation at 95°C for 5 min; 10 cycles of
denaturation at 95°C for 20 sec, primer annealing at 38°C for 30 sec, primer extension at
72°C for 1 min; then 30 cycles of denaturation at 95°C for 20 sec, primer annealing at
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42°C for 30 sec, primer extension at 72°C for 1 min; followed by a final extension at
72°C for 3 min. All PCR and sequencing reactions were performed in Eppendorf
Mastercycler gradient or Mastercycler personal thermal cyclers. PCR products were
checked on 1.0% agarose gel, and the DNA bands were excised and purified by the
QIAquick® Gel Extraction Kit (Qiagen, Maryland, USA). Purified PCR products were
cloned into pGEM-T plasmids according to the manufacturer’s instructions (Promega,
Madison, Wisconsin, USA). Competent E. coli cells were transformed by heat shock.
Resulting colonies were screened for plasmids containing inserts by PCR using the
primer pair T7 and SP6 or MADS1 and MADS43. Plasmids were isolated from a single
recombinant colony using an alkaline lysis/PEG precipitation protocol (Sambrook et al.
1989). DNA sequencing was performed with the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit, v. 2.0 or 3.1 (Perkin-Elmer/Applied Biosystems, Foster
City, California, USA) electrophoresed and detected on an ABI Prism 3100 or 3700
automated sequencer (University of Tennessee Molecular Biology Resource Facility,
Knoxville, Tennessee, USA). Sequencher 3.1.1 was used to edit and assemble the newly
generated sequences. A number of clones were identified by BLAST similarity searches
with Genbank nucleotide databases.
Using these MADS-box sequences we designed gene-specific primers AP3, AP31 and -2, PI and AG by comparing the plasmid sequences and homologous sequences
from GenBank. These primers were then used for 3′RACE amplification of the 3′-end of
the cDNA (see below).
(3) Isolation of the whole cDNAs and genomic sequences of each gene by 5´/ 3´
RACE and PCR amplification followed by cloning and sequencing
To amplify both 5′-end and 3′-end of the cDNA of each of genes B-sister, AP3, PI
and AG, we performed both 3′RACE and 5′RACE on the total RNA from G. arboreum,
G. sturtianum, G. hirsutum and G. barbadense as recommended by FirstChoiceTM RLMRACE kit (Ambion, Austin, TX, USA). 3′RACE and 5′RACE are rapid amplifications of
3′-and 5′- cDNA ends using gene-specific primers and adaptor-containing primers. PCR
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cycling conditions of 3′RACE and 5′RACE were initial denaturation at 94°C for 3 min;
35 cycles of denaturation at 94°C for 30 sec, primer annealing at 45-65°C for 30 sec,
primer extension at 72°C for 1 min 30 sec; followed by final extension at 72°C for 7 min.
PCR products were cloned into pGEM-T (Promega, Madison, Wisconsin, USA) for
sequencing. Then the primers for PCR amplification of each gene from genomic DNA of
the eight species were designed based on the sequences of these colonies. All the names
and sequences of each primer used for PCR and sequencing of each gene are listed in
table 4. The locations of each primer for each gene can be seen in Chapter V.

2. Gene structure analyses
The cDNA and genomic DNA sequences of each gene were characterized from
all eight species. We compared genomic DNA sequences to cDNA sequences of each
gene as well as to their homologs in Arabidopsis thaliana and Antirrhinum majus. The
exon/intron structures were characterized, and length variations were studied. We
compared sequences among Gossypium species to their homologs from A. thaliana and A.
majus, including numbers and length of exons and introns, and intron locations. We
calculated the cDNA sequence identity of each gene with its homologs in A. thaliana and
A. majus.

3. Expression pattern studies by RT-PCR
We collected four different stages of floral buds as well as fully opened flowers
from G. arboreum, G. hirsutum and/or G raimondii. Stage 1 indicates the earliest stage of
floral buds, ca.2 mm in length. Stage 2 floral buds are ca. 5 mm in length. Floral buds of
stage 3 contain apparently visible ovules and are 0.8 cm – 1.0 cm long, while floral buds
of stage 4 are about 1.5 cm long. Total RNAs from young roots, young leaves, and
different stages of floral buds, bracts, sepals, petals, stamens, carpels and ovules of G.
arboreum, G. raimondii and G. hirsutum, were extracted as described (Wilkins & Smart
1996), and treated with DNA-freeTM according to manufacturer’s instructions (Ambion,
Austin, TX, USA). Then RT-PCR reactions were performed using the RETROscript kit
according to the manufacturer’s instructions (Ambion, Austin, TX, USA) with gene36

Table 4: The sequences of the primers used for amplification and sequencing
Gene

Primer

Sequence (5′ to 3′)

Amp/Seq

Ref.

MADS

MADS1

CGGAATTCATGGGNMGNGGNAARRT

Amp/Seq

(1)

MADS43

CGGGATCCIACYTCIGCRTCRCAIARIAC

Amp/Seq

(1)

AP3

GAGGATTGAGAACCAGACGACT

Amp/Seq

this research

AP3-f2

TAAGGGAAATTGGTGGG

Seq

this research

AP3-r

CCGGTRGYGGAGAASATGAT

Amp/Seq

this research

AP3-r1

CCCTCAGTGCAATACTGGCACATCTTGC

Amp/Seq

this research

AP3-R

AGAATCTTGAAGGTTGGGCTG

Amp/Seq

this research

AP3-1

CAAGARGATWGAGAACGCTACA

Amp/Seq

this research

AP3-2

CAAACAGTCAAGTSACTTAT

Amp

this research

AP3-2f

AAGGAATTTGGAGGAAAGA

Amp/Seq

this research

AP3-3f

CATTAAGGAACTGCAAGCT

Amp/Seq

this research

AP3-2r

CAAGTCCATGAYAAGATTTGC

Amp/Seq

this research

AP3-3r

CTTTCTCTCACGTATAGCTAG

Amp/Seq

this research

AP3-R1

GAGATTAAATACAGTCTGCAATGGA

Amp/Seq

this research

CACCAAAGCAAAGAAGTAGAAAGAG

Amp/Seq

this research

PI

GAAGAGAATAGAAAATGCAGCAAGC

Amp

this research

PI-f

GSWTGAATAYTGCAGGCCTTC

Amp/Seq

this research

PI-sf

CGCACACCCAYACAAATACATAC

Amp/Seq

this research

PI-sf2

CGTCTATGAACAGATCTGG

Seq

this research

PI-sf3

GTRCAGATGGATGTYCTTG

Seq

this research

PI-r

GRTTCTCATGYTTRGCATCCC

Amp/Seq

this research

PI-sr

CCCAAAACTGTACACAGTTTAGGCA

Amp/Seq

this research

PI-s5′R

CCCATAACTTTTTCCCAGAAGTT

Amp/Seq

this research

PI-R

CTCTCTTGTAAGTTTGGYTGCAT

Amp/Seq

this research

PI-R2

CTGCACTCGGAATGCGAAAGG

Amp/Seq

this research

B-sister

AP3

PI-small PI-sF0
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Table 4: Continued.
Gene

Primer

Sequence (5′ to 3′)

Amp/Seq Ref.

PI-big

PI-bF0

AAAGAAAAAGAAAGATGGGGAGGGGG

Amp/Seq

this research

PI-bf

GCAGCCCTTCTACTAAGTATAATATAT

Amp/Seq

this research

CAACC

AG

PI-bf2

CATGATGGTAGCTCTAGGG

Seq

this research

PI-bf4

GGCAAGGTCTTTATAGGGTA

Seq

this research

PI-bf5

CTAAGGCTAAATCATGAGATAAG

Amp/Seq

this research

PI-bof5

CCACCACGATAACCCTCCTCAT

Seq

this research

PI-bf6

GTGTCAATCGGTGGAACAAC

Seq

this research

PI-bf7

GGCTTTCAATACCACCACGA

Seq

this research

PI-bf8

GGTCTATATTTACTAGTCGACC

Seq

this research

PI-br

CCTACTTCCTACAAGGATTGTTC

Amp/Seq

this research

PI-br2

CTTGGCCTTCTTTCGGTGTT

Amp/Seq

this research

PI-br3

GGTGCTAATTCGATAAGTTGC

Amp/Seq this research

PI-b5′R

CCCATAACTTCTTCCCKGAAGTC

Amp/Seq

this research

PI-bR

CAGGCTTCAGCATATGCCCC

Amp

this research

PI-bR2

TTGGCTGCATTGGCTGCACTTGGAAGGTGG Amp/Seq this research

AG-aF0

GGTACTGTTGCTTTCATCATGG

Amp/Seq this research

AG-dF0

CTGCATCTCTTCTGGTCAGAG

Amp/Seq

this research

AG

MGAGATMAAGMGGATCGARAACAC

Amp/Seq

this research

AG-r

TAYTCRTAGAGDCGRCCACGG

Amp/Seq

this research

AG-f2

GGTGCAATAGATGGAAATAGACAGC

Seq

this research

AG-f3

CACCACGTGAATTCCCCTCC

Seq

this research

AG-r3

CTGAGCATTAACTTCAGCAACTG

Amp/Seq this research

AG-r2

CTCAATTTCAGCAAACAACAGCTC

Amp/Seq this research

AG-R

GTTGAAGARCTATCTGGTCTTG

Amp/Seq this research

Note: (1), Rounsley et al. 1995.
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specific primers (table 5). RT-PCR products were digested with restriction enzymes that
are specific to either the A-subgenome or D-subgenome of each gene of G. hirsutum. In
cases where RT-PCR products were weak, presumably due to low levels of expression in
different vegetative and/or floral parts of G. hirsutum, the RT-PCR products were
reamplified prior to restriction enzyme digestion.

4. Phylogenetic analysis
We used the amino acid sequences of MIK domains of the five genes we obtained
in this research, and many genes from GenBank representing each of the fourteen clades
of MIKCc-type II MADS-box genes, to perform phylogenetic analyses. These analyses
were employed the Neighbor-Joining method implemented in PAUP*, with alignment
performed using Clustal X and the parameters described by Becker & Theissen (2003).
For each gene cloned in this research, we also used the whole amino acid sequences of
each gene and its homologs from many different taxa in GenBank to perform
phylogenetic analyses, based on the parsimony or the neighbor-joining method. Moreover,
we used the whole genomic DNA sequences of each gene we obtained in this reseach for
phylogenetic analyses, based on the maximum likelihood method. Finally, we used the
concatenated sequences of the five genes for the same analyses as above. Bootstrap
values were calculated by 1000 replicates.
Table 5: The primers and restriction enzymes used for RT-PCR and the following
disgestion reactions of each gene for the studies of gene expression patterns

Gene

Forward primer

Reverse primer

B-sister

AP3

AP3-R

Rsa I

AP3

AP3-1

AP3-R1

BspH I

PI-small

PI-f

PI-R2

Xho I

PI-big

PI-f

PI-bR2

Cac8 I

AG

AG

AG-R

Hae III
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Restriction enzyme

5. Molecular evolution analysis
(1) Estimates of Codon use bias, GC contents and Ka/Ks ratio for each gene
We computed the effective number of codons (ENC; Wright 1990) for each gene
using DNAsp version 4.0 (Rozas & Rozas 1999). ENC indicates the degree to which the
codon usage deviates from the equal use of the 61 sense codons. To further check
whether there is a selection for codon bias, we studied the deviation of ENC for each
gene from expectation based simply on each gene’s GC3 contents by making a plot of
ENC vs. GC3s (Nc-plot technique of Wright (1990)). In addition, we estimated the Ka/Ks
ratio, transition/transversion ratio (K) and base composition for each gene.
(2) Comparisons of Ka/Ks rate ratio among lineages
To study rate heterogeneity of each gene among lineages, we performed the
Codeml analysis using PAML 3.5 under model M0. For each gene, the Ka and Ks values
have been calculated in different comparisons, i.e. A-genome vs. A-subgenome (A-At),
D-genome vs D-subgenome (D-Dt), A-subgenome vs D-subgenome (At-Dt), A-genome
vs. D-genome (A-D), and ingroup-outgroup. We studied rate heterogeneity by comparing
the Ka, Ks and Ka/Ks ratios among each comparison. Ka/Ks rate ratios are informative
for investigation of the strength and direction of different types of selection. They can be
used to detect purifying selection (if Ka/Ks < 1), positive selection (if Ka/Ks > 1), and
neutral evolution (if Ka/Ks = 1).
(3) Detecting positive selection
We employed a codon-based approach to detect amino-acid sites that have
undergone positive selection, and to determine whether the proportion of such sites
differed among the five genes. For each gene, we tested two sets of models, M1a/M2a,
and M7/M8, of the codeml program of PAML 3.5, using Model 0 (M0) as null model. All
these models involve three parameters: branch length in the phylogeny, transition/
transversion rate ratio К and base frequencies at the three codon positions. Model 0 (M0)
assumes one ω (= dN/dS) for all sites. The neutral model (M1a) assumes a proportion p0
of conserved sites with ω0 = 0 and a proportion p1 =1 - p0 of neutral sites with ω1 = 1. The
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selection model (M2a) adds an additional class of positively selected sites with frequency
p2 = 1 - p0 - p1 and with ω2 estimated from the data. The difference between beta model
(M7) and beta & ω model (M8) is that the latter adds one extra class of positively
selected sites (ω >1) with propotion p1 =1 - p0. The M2a and M8 can be compared to M1a
and M7, respectively, to test for evidence of positive selection by comparing the test
statistic 2Δℓ with χ2 distribution with d.f. = 2, using likelihood ratio tests (LRTs). These
two sets of models (M1a/M2a and M7/M8) can be used at the same time for a robustness
analysis. Comparisons of each model set by standard likelihood techniques determine
which gene is under positive selection, and the number of codons exhibiting evidence of
positive selection using Bayes Empirical Bayes analysis (BEB, Yang et al. 2005).
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CHAPTER III
RESULTS
Part I Characterization of MADS-box genes in the seven
Gossypium species and outgroup Gossypioides kirkii
1. Isolation of partial cDNA of MADS-box domain of each gene from G.
arboreum, G. barbadense and G. hirsutum
We performed RT-PCR reactions with total RNA from floral buds of G.
arboreum, G. barbadense and G. hirsutum by using RETROscript kit (Ambion) with
primers MADS1 and MADS43. The PCR products were purified, ligated into pGEM-T,
and transformed into E. coli competent cells. Ultimately we obtained 13 sequences from
G. arboreum, 6 sequences from G. barbadense and 15 sequences from G. hirsutum, with
high similarities to known MADS-box genes of other species in GenBank (table 6, figure
7). All of these MADS-box domains are 91 bp long, and can be clustered into at least 7
clades representing MADS-box domains of genes B-sister, AP3, PI, AG, AGL8,
AP1/CAL, and SEP1/2/3 (figure 7). Among these 7 genes, we focused on the study of B,
C and B-sister clades, i.e. genes B-sister, AP3, PI, and AG in this dissertation. By
comparing the obtained Gossypium MADS-box domains of each gene to the homologous
sequences from Arabidopsis thaliana and Antirrhinum majus, we designed the forward
primers AP3, AP3-1, PI and AG for each gene for 3′RACE reactions with total mRNA in
floral buds of G. arboreum, G. hirsutum and G. barbadense (figure 8).
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Table 6: Lists of plasmid numbers of the clones of MADS-box domains of each gene

Gene
B-sister

PI

Species

Plasmid #

# of colonies

Purpose

G. arboreum

MWL3-20

2

To design primer AP3

G. hirsutum

HWL5-9

1

at the 5′-end for 3′RACE

HWL5-8

8

BWL1-13

2

G. barbadense

To design primer PI
at the 5′-end for 3′RACE

AP3

G. barbadense

BWL4-10

3

To design primer AP3-1
at the 5′-end for 3′RACE

AG

G. arboreum

MWL1-2

4

To design primer AG

MWL3-5

3

at the 5′-end for 3′RACE

MWL3-22

3

MWL15-8

1

G. barbadense

BWL1-6

1

G. hirsutum

HWL5-1

2

HWL5-2

4

Note: MWL15-8 is identical to HWL5-1.
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AGL20
AG

AGL8

AP1

SEP1/2/3
AP3
PI
B-sister

Figure 7. Phylogeny of MADS-box domains of each gene from RT-PCR
amplification by primers MADS1 and MADS43 with total RNAs from floral buds of
G. arboreum, G. barbadense and G. hirsutum. A.t, Arabidopsis thaliana. A.m,
Antirrhinum majus.
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A.tABS
HWL5-9
HWL5-8
MWL3-20

BWL4-19
MWL15-16
MWL3-16
BWL4-21
MWL1-6
A.tSEP3

AGAGATAAAGAAGATAGAGAATCAGACGGCGAGGCAAGTGACCTTCTCCAAGAGAAGAAC--TGGTCTTATAAAGAAGA
ACCGATCAAGAGGATTGAGAACCAGACGACTAGGCAAGTTACGTTTTCGAAGCGACGAGC--TGGGTTATTGAAGAAGA
ACCGATCAAGAGGATTGAGAACCAGACGACTAGGCAAGTTACGTTTTCGAAGCGACGAGC--TGGGTTATTGAAGAAGA
ACCGATCAAGAGGATTGAGAACCAGACGACTAGGCAAGTTACGTTTTCGAAGCGATAAGCGCTGGGTTATTGAAGAAGA
B-sister primer >
CCAGATCAAGAGGATAGAGAACCAGACAAACAGACAAGTGACGTATTCAAAGAGAAGAAA--TGGTTTATTCAAGAAAG
CCAGATTAAGAGGATAGAGAACCAAACAAACAGGCAGGTCACCTACTCCAAGAGAAGAAA--TGGTTTGTTCAAGAAAG
CGAGATCAAGAAGATTGAGAACGCTACAAACAGGCAAGTCACTTATTCAAAACGAAGGAA--CGGTTTATTCAAGAAAG
AP3-1>
AP3-2>
TGAGATCAAAAGAATTGAGAACTCAAGCAACAGGCAGGTTACTTACTCAAAGAGAAGAAA--TGGGATCATGAAAAAAG
CGAGATAAAGAGGATAGAGAACGCAAACAACAGAGTGGTGACGTTCTCAAAGAGGAGGAA--TGGATTGGTGAAGAAGG
TGAGATCAAGAGGATTGAGAACTCAAGTAACAGGCAGGTCACTTACTCAAAGAGAAGGAA--TGGAATCATGAAGAAAG
PI primer >
CGAGATTAAGCGGATCGAGAACACCACTAATCGACAAGTTACCTTCTGCAAGCGCCGCAA--TGGACTGCTCAAAAAGG
CGAGATTAAGCGGATCGAGAACACCACTAATCGACAAGTTACCTTCTGCAAGCGCCGCAA--TGGACTGCTCAAAAAGG
CGAGATCAAGCGGATCGAAAACACGACGAACCGCCAAGTTACCTTTTGTAAGAGGCGCAA--TGGTTTGCTCAAAAAGG
CGAGATCAAGCGGATCGAAAACACGACGAACCGCCAAGTTACCTTTTGTAAGAGGCGCAA--TGGTTTGCTCAAAAAGG
AGAGATAAAGAGGATCGAGAACACCACGAATCGTCAGGTTACGTTTTGCAAGCGCAGGAA—-TGGGCTGCTGAAGAAAG
AGAGATAAAGAGGATCGAAAACACAACAAATCGTCAGGTTACCTTTTGCAAACGCAGGAA--TGGCCTGCTGAAGAAAG
TGAGATCAAGAGGATCGAGAACATTACGAATCGACAGGTCACCTTCTGCAAACGTAGAAA--TGGACTACTGAAGAAGG
CGAAATCAAACGGATCGAGAACACAACGAATCGTCAAGTCACTTTTTGCAAACGTAGAAA--TGGTTTGCTCAAGAAAG
AG primer >
TGAGTTGAAGAGAATTGAAAACAGAATCAACAGGCAAGTCACTTTTGCAAAGAGAAGAAA--TGGGTTACTTAAAAAAG
TGAGTTGAAGGGAATTGAAAACAAAATCAACAGGCAAGTCACTTTTGCAAAGAGAAGAAA--TGGGTTACTTAAAAAAG
GGAGTTGAAGAGGATCGAAAACAAGATAAATCGGCAAGTCACATTTGCAAAACGAAGAAA--TGGTTTACTCAAAAAAG
TGAACTTAAGAGGATTGAAAACAAGATCAACAGGCAAGTCACTTTTGCAAAGAGAAGAAA--TGGTCTTTTGAAGAAAG
TGAACTTAAGAGGATTGAAAACAAGATCAACAGGCAAGTCACTTTTGCAAAGAGAAGAAA--TGGTCTTTTGAAGAAAG
AGAATTGAAGAGGATAGAGAACAAGATCAATAGGCAAGTGACGTTTGCAAAGAGAAGGAA--TGGTCTTTTGAAGAAAG

BWL1-21
MWL1-5
BWL1-2
BWL4-13
A.tAGL8

-CAGTTGAAGAGAATTGAAAACAAGATCAACAGGCAAGTCACTTTCTCAAAGAGAAGGTC--TGGCTTATTGAAGAAAG
TCAGTTGAAGAGAATTGAAAACAAGATCAACAGGCAAGTCACTTTCTCAAAGAGAAGGTC--TGGCTTATTGAAGAAAG
TCAGTTGAAGAGAATTGAAAACAAGATCAACAGGCAAGTCACTTTCTCAAAGAGAAGGTC--TGGTTTATTGAAGAAAG
TGAACTTAAGAGGATTGAAAACAAGATCAACAGGCAAGTCACTTTCTCAAAGAGAAGGTC--TGGTTTATTGAAGAAAG
TCAGCTGAAGAGGATAGAGAACAAGATCAATAGGCAAGTTACTTTCTCAAAGAGAAGGTC--TGGTTTGCTCAAGAAAG

BWL4-7
MWL3-14
A.tCAL
A.tAP1

TCAATTAAAAAGGATTGAAAACAAGATCAACAGACAAGTTACTTTTTCCAAAAGAAGAGC--TGGTTTATTGAAGAAAG
TCAGTTGAAGAGGATTGAGAACAAGATCAACAGGCAAGTTACTTTCTCCAAAAGGAGAGC--TGGGTTGTTGAAAAAAG
TGAATTGAAGAGGATAGAGAACAAGATCAATAGACAAGTGACATTCTCGAAAAGAAGAAC--TGGTCTTTTGAAGAAAG
TCAATTGAAGAGGATAGAGAACAAGATCAATAGACAAGTGACATTCTCGAAAAGAAGAGC--TGGTCTTTTGAAGAAAG

BWL1-7
MWL3-2
A.tAGL20

GGTGCTGGAGAGAATAGAGAACAAAATCAATCGCCAAGTAACCTTCTCCAAGAGAAGGAA--CGGTTTACTTAAGAAGG
ACAGATGAAGAGAATAGAAAATGCAGCAAGCAGGCAAGTGACGTTTTCAAAGAGAAGAAA--TGGATTACTCAAAAAGG
TCAGATGAAGAGAATAGAGAATGCAACAAGCAGACAAGTGACTTTCTCCAAAAGAAGGAA--TGGTTTGTTGAAGAAAG
* *
** ** **
*
** ** *
** *
** * * ** **

A.tAP3
A.mDEF
BWL4-10
A.mGLO
A.tPI
BWL1-13
HWL5-2
HWL5-1
BWL1-6
MWL1-2
MWL3-22
MWL3-5
A.mPLE
A.tAG

Figure 8. Alignment of MADS domains from RT-PCR amplification by primers
MADS1 and MADS43 with total RNAs from floral buds of G. arboreum, G.
barbadense and G. hirsutum. The designed primers of each gene were underlined.
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2. Isolation of 3′-end cDNAs of genes B-sister, AP3, PI and AG from total
RNAs of G. arboreum, G. barbadense and G. hirsutum
Using 3′RACE, we isolated the 3′-end cDNAs of genes B-sister, AP3, PI and AG
from G. arboreum, G. barbadense and G. hirsutum. Ultimately we obtained 3 sequences
for the B-sister gene, 10 sequences for the AP3 gene, 5 sequences for the PI gene and 5
sequences for the AG gene (table 7). Complete sequencing of the representative cDNAs
of each gene yielded conceptual translations of the ORFs of each gene, which show high
similarities and typical MIKC-type domain structure with MADS-box genes from other
species in Genbank (figure 9).
The 3′-end cDNA of the gene B-sister (plasmid MWL6-2) contains 641 bp coding
sequence (including stop codon TAG) as well as 210 bp 3′UTR. By comparing to the A.
thaliana B-sister gene in Genbank, this B-sister cDNA lacks the first 60 bp sequence of
the MADS-box domain. The 3′-end cDNA of AP3 gene (plasmid PWL1-14) contains
632 bp coding sequence (including stop codon TGA) but lacks of the first 45 bp sequence
of MADS-box domain of its homolog in A. thaliana. For the PI gene, we obtained five
colonies of its 3′-end cDNA which can be divided into two different groups, which we
denoted as PI-small and PI-big here. The PI-small copy (plasmid PWL2-3) and PI-big
copy (plasmid PWL2-2) contain 445 bp coding sequences (including stop codon TGA)
but lacks of the first 195 bp sequence of MADS-box domain compared to A. thaliana PI
gene. The 3′UTRs PI-small copy and PI-big copy are 180 bp and 234 bp, respectively.
Finally, the AG cDNA (plasmid MWL8-2) contains a 644 bp coding sequence (including
the stop codon TAA) and 192 bp 3′UTR. The MADS-box domain of this AG gene is 66
bp shorter than that of A. thaliana AG gene. The missing data from the 5′-end of the
MADS-box domain in these sequences is due to the placement of the primers for
3′RACE within the MADS-box domain itself.
Based on these data we designed reverse primers AP3-R, AP3-R1, PI-R, PI-bR2
and AG-R for PCR amplification of genomic DNA sequences of each gene from each
Gossypium species and outgroup Gossypioides kirkii (figure 10).
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Table 7: Lists of the plasmid numbers of 3´-half cDNA of each gene by 3´RACE
Gene

Primer

B-sister

AP3

Species

Plasmid #

G. arboreum

MWL6-2

G. hirsutum

A1WL1-21

Purpose
To design reverse primer AP3-R

A1WL1-22
AP3

AP3-1,-2

G. arboreum

PWL1-4

To design reverse primer AP3-R1

PWL1-5
PWL1-9
G. hirsutum

PWL1-13
PWL1-14
PWL1-33

G. barbadense

PWL1-35
PWL1-36
PWL1-39
PWL1-50

PI-small

PI-big

AG

PI-f

PI-f

AG

G. arboreum

MWL11-1

G. hirsutum

BWL3-21

G. barbadense

BWL2-3

G. hirsutum

BWL3-29

G. barbadense

BWL2-2

G. arboreum

MWL8-2

G. hirsutum

BWL3-25
BWL3-28

G. barbadens

BWL2-4
BWL2-9
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To design reverse primer PI-R

To design reverse primer PI-bR2

To design reverse primer AG-R

N-extension

MWL6-2
A.tB-sister
PWL1-14
A.tAP3
BWL2-3
BWL2-2
A.tPI
MWL8-2
A.tAG

MWL6-2
A.tB-sister
PWL1-14
A.tAP3
BWL2-3
BWL2-2
A.tPI
MWL8-2
A.tAG

MWL6-2
A.tB-sister
PWL1-14
A.tAP3
BWL2-3
BWL2-2
A.tPI
MWL8-2
A.tAG

MADS-box domain
---------------------SKRRAGLLKKTHELSVLCDAQIG
MGRGKIEIKKIENQTARQVTFSKRRTGLIKKTRELSILCDAHIG
---------------NRQVTYSKRRNGLFKKAQELTVLCDAKVS
MARGKIQIKRIENQTNRQVTYSKRRNGLFKKAHELTVLCDARVS
------EIKRIENTSNRQVTYSKRRNGIMKKAKEITVLCDAKVS
------EIKRIGNTSNRQVTYSKRRNGIMKKAKEITILCDAKVS
MGRGKIEIKRIENANNRVVTFSKRRNGLVKKAKEITVLCDAKVA
---------------- ------------------LPFVRRRNGLLKKAYELSVLCDAEVA
TAYQSELGGDSSPLRK SGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVA
:** *:.**: *:::****.:.
LIIFSTTGKMCQY
LIVFSATGKLSEF
LIMFSSTGKFHEF
IIMFSSSNKLHEY
LIIFASSGKMHEY
LIIFGSSGKMHEY
LIIFASNGKMIDY
LIVFPNRGRLYEY
LIVFSSRGRLYEY
**:*
.:: ::

I domain
CTEGYRMEQIIERYQKVT---GTCIPEH-DNREH
CSEQNRMPQLIDRYLHTN---GLRLPDHHDDQEQ
LSPNISTKGFFDLYQKTT---GIDLWNS--HYER
ISPNTTTKEIVDLYQTIS---DVDVWAT—-QYER
CSPSTKLIDILDQYQKTS---GKKLWDA—-KHEN
CSPSTNLVDILDQYQKTS---GKKLWDA—-KHEN
CCPSMDLGAMLDQYQKLS---GKKLWDA—-KHEN
A--NNSVKATIERYKKAS-DSSNTGSVAEVNAQF
S—-NNSVKGTIERYKKAISDNSNTGSVAEINAQY
:: *
.
. :

LYNELAVLRKETR
LHHEMELLRRETC
MEENYRRLKEINK
MQETKRKLLETNR
LSNEIDRIKKEND
LSNEIDRIKKEND
LSNEIDRIKKEND
YRQEADKLRNQIR
YQQESAKLRQQII
.
: .

K domain
RLQLSMRRYTGEDMSSIPFEELDQLEHELERSVIKVRERKNELLQQQLDNLRRKE
NLELRLRPFHGHDLASIPPNELDGLERQLEHSVLKVRERKNELMQQQLENLSRKR
KLRREIRQRMGGDLNELNIKELQALEAKMDSSLLAIRERKYHVIKTQTDKHKKKV
NLRTQIKQRLGECLDELDIQELRRLEDEMENTFKLVRERKFKSLGNQIETTKKKN
SMQIELRHLKGEDITSLPYKELMALEDALENGLTCVRAKQ----MDVLDMAKKNT
NMQIELRHLKGEDITSLPYKELMAIEDALENGLTYVRGKQ----MDVLDKTWKNT
SLQLELRHLKGEDIQSLNLKNLMAVEHAIEHGLDKVRDHQ----MEILISKRRNE
NLQNTNRHMLGESVGGLPMKELKSLETRLEKGISRIRSKKNELLFAEIEYMQKKE
SIQNSNRQLMGETIGSMSPKELRNLEGRLERSITRIRSKKNELLFSEIDYMQKRE
:.
:
*. : : ::* :* :*. . :* ::
:
:.

RILEE
RMLEE
RNLEE
KSQQD
KFLEE
KFLEE
KMMAE
IDLHN
VDLHN
:

MWL6-2
A.tB-sister
PWL1-14
A.tAP3
BWL2-3
BWL2-2
A.tPI
MWL8-2
A.tAG

C-terminal domain
ENSNMYRWVQEHRAAIEYQQGGMEAKPVEHQQVV----DQFPFFG-------------EP
DNNNMYRWLHEHRAAMEFQQAGIDTKPGEYQQFI----EQLQCYKPGEYQQFLEQQQQQP
RHANL---VMDLEAKLDG-QDGIVETGGYYESTM----GLLPNAASN------------IQKNL---IHELELRAEDPHYGLVDNGGDYDSVL----G-YQIEGSR------------DNKQLNFIVNQQQLTYENVREHMDHHGYHRAARA----DFNSQMPF-------------DYKQLSFILNQQQVAYESAREQMD-HGYQRAR------DYNSQMSS-------------EQRQLTFQLQQQEMAIASNARGMM----MR--------DHDGQFG--------------NNQLLRAKIAENERKQESMNLMPGGSSNNFEAIH------SQPYDSR------------DNQILRAKIAENERNNPSISLMPGGS--NYEQLMPPPQTQSQPFDSR-------------

MWL6-2
A.tB-sister
PWL1-14
A.tAP3
BWL2-3
BWL2-2
A.tPI
MWL8-2
A.tAG

SSVLQLATIPQQFQ-SYQLQLAQPN--------LQDSNV
NSVLQLATLPSEIDPTYNLQLAQPN--------LQNDPTAQND
--LYALRLYQNQQP-----PLVLHD--------GTNDLRLA
--AYALRFHQNHHHYYPNHGLHAPS--------ASDIITFHLLE
---------------AFRVQPMQPN--------LQERM
---------------TFQVQPMQPN--------LQERM
----------------YRVQPIQPN--------LQEKIMSLVID
----------N----YFQVDALQPAANYYNPQQQQDQIVLQLV
----------N----YFQVAALQPNNHHYSSAGRQDQTALQLV

Figure 9. Alignment of conceptual protein sequences of each gene from 3′RACE
amplification and their homologs of A. thaliana.
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5′->
BWL2-4
BWL3-28
BWL3-25
BWL2-9
MWL8-2
A1WL1-21
A1WL1-22
MWL6-2
MWL11-1
BWL3-21
BWL2-3
BWL2-2
BWL3-29
PWL1-35
PWL1-5
PWL1-13

TTCCAAGTCGA-TGCT-TTACAACCCGCCACCAATTATTATAACCCTTTCCAAGTCGA-TGCT-TTACAACCCGCCACCAATTATTACAACCCTTTCCAAGTTGA-TGCC-TTACAACCCGCCGCCAATTATTACAACCCTTTCCAAGTTGA-TGCC-TTACAACCCGCCGCCAATTATTACAACCCTTTCCAAGTTGA-TGCC-TTACAACCCGCCGCCAATTATTACAACCCTCAGTGTGCTTC-AGC--TTGCTACCATTCCTCAACAGTTCCAATCCTA
CAGTGTGCTTC-AGC--TTGCTACCATTCCTCAACAGTTCCAATCCTA
CAGTGTGCTTC-AGC--TTGCTACCATTCCTCAACAGTTCCAATCCTA
CATCGAGCTGCTCGTGCTGACTTCAACTCGCAGATGCCTTTCGCATTCATCAAGCTGCTCGTGCTGACTTCAACTCGCAGATGCCTTTCGCATTCACAGAGCTGCTCGTGCCGACTTCAACTCGCAGATGCCTTTCGCATTCAGCGAGCC---CGGG---ACTACAACTCACAGATGTCTTCCACGTTCAGCGAGCC---CGGG---ACTACAACTCACAGATGTCTTCCACGTTCTTCTAATTTATATGCCCTTCGCCTTTACCAAAGCCAACAGCCTCC-CTTCTAATTTATATGCCCTTCGCCTTTACCAAAACCAACAGCCTCC-CTTCTAATTTATATGCCCTTCGCCTTTACCAAAACCAACAGCCTCC-* *
*

BWL2-4
BWL3-28
BWL3-25
BWL2-9
MWL8-2
A1WL1-21
A1WL1-22
MWL6-2
MWL11-1
BWL3-21
BWL2-3
BWL2-2
BWL3-29
PWL1-35
PWL1-5
PWL1-13

----CAGCAGCAGCAAGACCAGATAGCTCTTCAACT-AG—-TCTAA
----CAGCAGCAGCAAGACCAGATAGTTCTTCAACT-AG--TCTAA
----CAGCAGCAGCAAGACCAGATAGTTCTTCAACT-AG--TCTAA
----CAGCAGCAGCAAGACCAGATAGTTCTTCAACT-AG--TCTAA
----CAGCAGCAGCAAGACCAGATAGTTCTTCAACT-AG--TCTAA <AG-R
TCAGCTCCAGCTTGCTCAGCCCAACCTTCAAGATTCTAATGTCTAG
TCAGCTCCAGCTTGCTCAGCCCAACCTTCAAGATTCTAATGTCTAG
TCAGCTCCAGCTTGCTCAGCCCAACCTTCAAGATTCTAATGTCTAG <B-sister-R
---CCGAGTGCAGCCAATGCAACCAAACTTACAAGAGAGGATGTGA
---CCGAGTGCAGCCAATGCAACCAAACTTACAAGAGAGGATGTGA
---CCGAGTGCAGCCGATGCAACCAAACTTACAAGAGAGGATGTGA <PI-R
---CCAAGTGCAGCCAATGCAGCCAAACTTACAAGAGAGAATGTAA
---CCAAGTGCAGCCAATGCAGCCAAACTTACAAGAGAGAATGTAA <PI-bR2
---ACTTGTTCTTCACGATGGAACCAATGATCTTCGCCTTGCTTGA
---ACTTGTTCTTCACGATGGAACCAATGATCTTCGCCTTGCTTGA
---ACTTGTTCTTCACGATGGAACCAATGATCTTCGCCTTGCTTGA
*
*
* stop codon

BWL2-4
BWL3-28
BWL3-25
BWL2-9
MWL8-2
A1WL1-21
A1WL1-22
MWL6-2
MWL11-1
BWL3-21
BWL2-3
BWL2-2
BWL3-29
PWL1-35
PWL1-5
PWL1-13

TGTTGTGGGGGCGTGCATGGTTCATTGCCGCTGTTTCAGTTTTAGTGAAGAACA
TGTTGTGAGGGTGTGCATGGTTCATTGCTGCTGTTTCAGTTTTAGTGAAGAACA
TGTTGTGAGGGTGTGCATGGTTCATTGCTGCTGTTTCAGTTTTAGAGAAGAACA
TGTTGTGAGGGTGTGCATGGTTCATTGCTGCTGTTTCAGTTTTAGAGAAGAACA
TGTTGTGAGGGTGTGCATGGTTCATTGCTGCTGTTTCAGTTTTAGAGAAGAACA
TATTGTGCCATTGCAGCTATGATTTTCTGAGAAGAAAAGAAGATGGTATATTAC
TATTGTGCCATTGCAGCTATGATTTTCTGAGAAGAAAAGAAGATGGTATATTAC
TATTGTGCCATTGCAGCTATGATTTTCTGAGAAGAAAGAAGATGGTATATTACA
TGAACATTGTGAGGGTTATCCAATAGCTAAAGCTGCCTATATGAGCTATAAGGT
TGAACATTGTGAGGGTTATCCAATAGCTAAAGCTGCCTATATGAGCTATAAGGT
TGAACATTGTGAGGGAGTTAAGGGCTGCAGTTATCCAATAGCTAAAGCTGCCTA
TAACACTGTGAATTGGGGCATATGCTGAAGCCTGAAATTCTCTCAAGCTTGCTT
TAACACTGTGAATTGGGGCATATGCTGAAGCCTGAAATTCTCTCAAGCTTGCTT
TGCTGGTCTCTGTGGATGTCCCCTCCATTGCAGACTGTATTTAATCTCTATCTC
TGCTGGTCTCTGTGGATGTCCCCTCCATTGCAGACTGTATTTAATCTCTATCTC
TGCTGGTCTCTGTGGATGTCCCCTCCATTGCAGACTGTATTTAATCTCTATCTC
*
<AP3-R1

Figure 10. Alignment of 3′-end sequences of colonies representing each gene from
3′RACE amplification of total RNAs from floral buds of G. arboreum, G. barbadense
and G. hirsutum. The designed primers of each gene are underlined.
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3. Isolation and sequencing of 3′-end genomic DNA sequences of genes
B-sister, AP3, PI and AG from the eight species
By using primer pairs AP3/AP3-R, AP3-1/AP3-R1 and AG/AG-R, we isolated 3′end genomic DNA sequences of genes B-sister, AP3 and AG, respectively, from all
Gossypium species plus the outgroup Gossypioides kirkii. For the PI gene, unexpectedly
we isolated the PI-big gene from G. raimondii and Gossypioides kirkii genomic DNA
(plasmids PWL4-25 and PWL2-8, respectively) by using primer pair PI-f/PI-R, which
were designed to be specific for the PI-small gene. Based on the sequence information of
PI-big gene from these two species, we designed PI-big specific forward primer PI-bF.
Then we used primer pairs PI-f/PI-R and PI-bF/PI-bR2 to amplify the two copies of PI
gene in all the six diploid species, followed by sequencing. Based on these sequences, we
designed PI-small specific primers PI-sf and PI-sr, and PI-big specific primers PI-br and
PI-bf5. So, we used primer pairs PI-sf/PI-R and PI-bf5/PI-bR2 for 3′-end PCR
amplification of PI-small and PI-big copies, respectively, in the two tetraploid species.

4. Isolation of 5′-end cDNAs of genes B-sister, PI and AG from total
RNAs of G. sturtianum and G. barbadense
Based on the alignment of the above genomic DNA sequences of each gene in all
eight species, we designed reverse primers at the 5′-end of each gene for 5′RACE
amplification of each gene with total RNAs from floral buds of G. sturtianum and G.
barbadense. Ultimately we obtained 1 colony representing the B-sister gene, 8 colonies
representing the PI-small gene, 6 colonies representing the PI-big gene, and 5 colonies
representing the AG gene (table 8). Based on the sequences of all these colonies, we
designed primer pairs PI-sF0/PI-sr, PI-bF0/PI-br, and AG-aF0/AG-r, AG-dF0/AG-r for
PCR amplification of 5′-end of PI-small, PI-big, A-and D-(sub)genomes of AG gene,
respectively. Because 5′RACE amplification of B-sister gene failed in G. barbadense and
G. hirsutum, and the only colony of B-sister gene from G. sturtianum is 80 bp long and
the location primer AP3 is only 23 bp away from the start codon, we did not design a
primer to amplify the 5′-end of B-sister gene.
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Table 8: Lists of plasmid numbers of 5´-UTR of each gene by 5´RACE
Gene

Species

Outer Primer

Inner Primer

RT*

Plasmid #

B-sister

G. sturtianum

AP3-R

AP3-r2

R.D.

ACW1-15

PI-small

G. sturtianum

PI-R

PI-r

dT

PCW1-25
PCW1-36

G. barbadense

PI-R

PI-r

R.D.

PCW2-1
PCW2-2
PCW2-45
PCW2-46
PCW2-51
PCW2-61

PI-big

G. sturtianum

PI-R

PI-r

dT

PCW1-24

PI-R

PI-bR2

R.D.

PCW1-71
PCW1-72

G. barbadense

PI-r

PI-b5′R

R.D.

PCW3-2
PCW3-3

AG

G. sturtianum

AG-R

AG-r

R.D.

ACW3-1
ACW3-2

G. barbadense

AG-R

AG-r

R.D.

ACW1-24
ACW1-34

AP3-R

AP3-r2

R.D.

ACW2-18
ACW2-22

Note: * means reverse transcription by oligo dT or random decamer (R.D.)
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5. Isolation of 5′-end genomic DNA sequences of genes PI and AG from
the eight species
We used primer pairs PI-sF0/PI-s5′R and PI-bF0/PI-b5′R to amplify the 5′-end
genomic DNA sequences of genes PI-small and PI-big, respectively, in all the six
diploids. And we used primer pairs PI-sF0/PI-sr and PI-bF0/PI-br to amplify the 5′-end
genomic DNA sequences of PI-small and PI-big, respectively, in two tetraploids. As for
AG gene, we used primer pairs AG-aF0/AG-r and/or AG-dF0/AG-r to amplify the A- and
D-(sub)genomic DNA sequences in all eight species. By designing primers for further
sequencing, we sequenced all the colonies of each gene in each species.

Part II Structural evaluation of each MADS-box gene
1. Characterization of the full-length cDNA sequences of these genes
(1) The B-sister gene
The cDNAs of B-sister gene from the eight species we amplified are 624 bp long.
By comparing the 5′-end cDNA from G. sturtianum amplified by 5′RACE with its
homologs in Genbank, we found that the cDNA of this gene from the eight species lacks
the first 48 bp nucleotides at 5′-end (including start codon ATG). And because 3′-end
cDNAs from G. arboreum and G. hirsutum amplified by 3′RACE contain additional 30
bp nucleotides at 3′-end (including stop codon TAG), we can infer that the whole coding
sequence of B-sister gene in Gossypium is 699 bp long, encoding 233 amino acids.
(2) The AP3 gene
The coding sequence of the AP3 gene from Gossypium is 627 bp long, including
the stop codon TGA. We compared this cDNA with its homologs in Genbank and found
that it lacks the first 45 bp nucleotides at the 5′-end. Therefore, we predicted that the
coding sequence of the AP3 gene in Gossypium would be 669 bp long which encodes 223
amino acids.
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(3) The PI gene
The coding sequences of the PI-small copy of PI gene from Gossypium we
characterized are 609 bp long starting from the start codon ATG. Because its 3′-end
cDNA from G. arboreum, G. hirsutum and G. barbadense amplified by 3′RACE and
homologues in Genbank contain additional 30 bp nucleotides at the 3′-end (including the
stop codon TGA), the whole coding sequence of PI-small copy of PI gene in Gossypium
should be 636 bp long, encoding 212 amino acids.
For the PI-big copy of PI gene, the coding sequences we amplified from
Gossypium are 580 bp long starting from the start codon ATG. By comparing the 3′-end
cDNA from G. hirsutum and G. barbadense amplified by 3′RACE with its homologs in
Genbank, we infer that the coding sequences of this gene we obtained lack the last 50 bp
nucleotides at 3′-end (including stop codon TAA). As a result, the whole coding
sequences of the PI-big copy of PI gene in Gossypium are 627 bp long, encoding 209
amino acids.
(4) The AG gene
The coding sequence of AG gene of Gossypium we obtained is 711 bp long,
including the whole N-terminal-extension sequence. But the 3′-end cDNAs from 3′RACE
amplification with total RNA from floral buds of G. arboreum, G. hirsutum and G.
barbadense contain an additional 30 bp nucleotides at the 3′-end (including stop codon
TAA). So the length of the whole coding sequences of the AG gene of Gossypium is 738
bp which encodes 246 amino acides.

2. Typical MIKC-type domain structures
Multiple sequence alignments with other MADS-box proteins demonstrated that
the five inferred proteins have a typical MIKC-type domain structure (figure 11).
Moreover, each protein contains the specific diagnostic sites in the MADS-box, K and Cterminal domains. The MADS-box domains contain one conserved DNA-binding α-helix
and one hydrophobic patch at the 3′-end. K domains contain three regions of heptad
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N-extension
A.tAG
A.mFAR
AG
A.mGLO
A.tPI
PI-big
PI-small
A.mDEF
A.tAP3
AP3
Z.mZZM17
A.tBs
B-sister

A.tAG
A.mFAR
AG
A.mGLO
A.tPI
PI-big
PI-small
A.mDEF
A.tAP3
AP3
Z.mZZM17
A.tBs
B-sister

A.tAG
A.mFAR
AG
A.mGLO
A.tPI
PI-big
PI-small
A.mDEF
A.tAP3
AP3
Z.mZZM17
A.tBs
B-sister

A.tAG
A.mFAR
AG
A.mGLO
A.tPI
PI-big
PI-small
A.mDEF
A.tAP3
AP3
Z.mZZM17
A.tBs
B-sister

MADS-box domain

TAYQSELGGDSSPLRK SGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSSRGRLYEY 73
MASLSDQSTEVSPERK IGRGKIEIKRIENKTNQQVTFCKRRNGLLKKAYELSVLCDAEVALVVFSSRGRLYEY 73
MVYPNESLEDS-PQKK MGRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSSRGRLYEY 57
MGRGKIEIKRIENSSNRQVTYSKRRNGIMKKAKEISVLCDAHVSVIIFASSGKMHEY 57
MGRGKIEIKRIENANNRVVTFSKRRNGLVKKAKEITVLCDAKVALIIFASNGKMIDY 57
MGRGKIEIKRIENSSNRQVTYSKRRNGIMKKAKEITILCDAKVSLIIFGSSGKMHEY 57
MGRGKIEIKRIENSSNRQVTYSKRRNGIMKKAKEITVLCDAKVSLIIFASSGKMHEY 57
MARGKIQIKRIENQTNRQVTYSKRRNGLFKKAHELSVLCDAKVSIIMISSTQKLHEY 57
MARGKIQIKRIENQTNRQVTYSKRRNGLFKKAHELTVLCDARVSIIMFSSSNKLHEY 57
------EIKKIENATNRQVTYSKRRNGLFKKAQELTVLCDAKVSLIMFSSTGKFHEF 57
MGRGKIEIKRIENSTNRQVTFSKRRGGLLKKANELAVLCDARVGVVIFSSTGKMFEY 57
MGRGKIEIKKIENQTARQVTFSKRRTGLIKKTRELSILCDAHIGLIVFSATGKLSEY 57
MGRGKIPIKRIENQTTRQVTFSKRRAGLLKKTHELSVLCDAQIGLIIFSTTGKMCQF 57
** ***
* ** *** * ** *
****
DNA-binding α-helix
Hydrophobic patch
I domain
K-domain
145
S--NNSVKGTIERYKKAISDNSNTGSVAEINAQY YQQESAKLRQQIISIQNSNRQLMGETIGSMSPKELRNLE 144
A--NNSVKATIDRYKKASSDSSLNGSISEANTQY YQQEASKLRAQISNLQNQNRNMLGESLGALSLRELKNLE 144
A--NNSVKATIERYKKAS-DSSNTGSVAEVNAQF YQQEADKLRNQIRNLQNANRHMLGESIGGLPMKELKSLE 143
CSPSTTLVDMLDHYHKLS---GKRLWDP--KHEH LDNEINRVKKENDSMQIELRHLKGEDITTLNYKELMVLE 141
CCPSMDLGAMLDQYQKLS---GKKLWDA--KHEN LSNEIDRIKKENDSLQLELRHLKGEDIQSLNLKNLMAVE 141
CSPSTNLVDILDQYQKTS---GKKLWDA--KHEN LSNEIDRIKKENDNMQIELRHLKGEDITSLPYKELMAIE 141
CSPSTKLIDILDQYQKTS---GKKLWDA--KHEN LSNEIDRIKKENDSMQIELRHLKGEDITSLPYKELMALE 141
ISPTTATKQLFDQYQKAV---GVDLWSS--HYEK MQEHLKKLNEVNRNLRREIRQRMGESLNDLGYEQIVNLI 141
ISPNTTTKEIVDLYQTIS---DVDVWAT--QYER MQETKRKLLETNRNLRTQIKQRLGECLDELDIQELRRLE 141
LSPNISTKGFFDLYQKTT---GIDLWNS--HYER MEENYRRLKEINKKLRREIRQRMGGDLNELNIKELQALE 141
CSPACSLRELIEQYQHAT---NSHFEEINHDQ-Q ILLEMTRMKNEMEKLETGIRRYTGDDLSSLTLDDVSDLE 142
CSEQNRMPQLIDRYLHTN---GLRLPDHHDDQEQ LHHEMELLRRETCNLELRLRPFHGHDLASIPPNELDGLE 143
CTEGYRMEQIIERYQKVT---GTCIPEH-DNREH LYNELAVLRKETRRLQLSMRRYTGEDMSSIPFEELDQLE 142
defgabcdefgabcdefgabcd
h h
abcde
K1
C-terminal domain
GRLERSITRIRSKKNELLFSEIDYMQKRE VDLHNDNQILRAKIAENER---NNPSISLMPGGS--NYEQLMPP 212
SRVERGISRIRSKKNELLFAEIEYMQKRE IDLHHNNQYLRAKIAESER--VQGQHMNLMPGGSS-GYEQLVET 214
SRLEKGISRIRSKKNELLFAEIEYMQKRE IDLHNNNQLLRAKIAENER---KQQSMNLMPGGSSANFEALH-- 211
DALENGTSALKNKQMEFV---R-MMRKHN EMVEEENQSLQFKLRQMHLDPMNDNVMESQAVYDH------HHH 204
HAIEHGLDKVRDHQMEIL---I-SKRRNE KMMAEEQRQLTFQLQQQEMAIASNARGMMM-------------- 196
DALENGLTYVRGKQMDVL---D-KTWKNT KFLEEDYKQLSFILNQQQMAYESAREQMD-HGY--------QR- 200
DALENGLTCVRAKQMDVL---D-MAKKNT KFLEEDNKQLNFIVNQQQLTYENVREHMDHHGY--------HRA 202
EDMDNSLKLIRERKYKVISNQIDTSKKKV RNVEEIHRNLVLEFDARREDP--HFG-LVDNEGDYNSVLG-FPN 210
DEMENTFKLVRERKFKSLGNQIETTKKKN KSQQDIQKNLIHELELRAEDP--HYG-LVDNGGDYDSVLG-YQI 210
AKMDSSLLAIRERKYHVIKTQTDKHKKKV RNLEERHANLVMDLEAKLDG---QDG-IVETGGYYESTMGLLPN 210
QQLEYSVSKVRARKHQLLNQQLDNLRRKE QILEDQNTFLYRMINENQQAALTGEVKLGEMAPLAMLQPPPAFA 215
RQLEHSVLKVRERKNELMQQQLENLSRKR RMLEEDNNNMYRWLHEHRAAMEFQQAGIDTKPGEYQQFIEQLQC 216
HELERSVIKVRERKNELLQQQLDNLRRKE RILEEENSNMYRWVQEHRAAIEYQQGGMEAKPVEHQQVVDQF-- 213
fgabcdefga
defgabcdefga bcdefgabcdefga
K2
K3
AP3 motif
AG motif I
AG motif II
PI-motif
PQ--T-QSQPDFDSRNYFQVAALQPNNHHYSSAGRQDQTALQLV 253
-Q-------P-FDARNYLQVNGLQPNND-YP---RQDQLPLQLV 245
-------SQP-YDSRNYFQVDALQPATNYYNPQQQQDQIVLQLV 247
QNI-----------------------ADYEAQMPFAFRV-QPM---QPN--LQERF
231
-R-------------------------DHDGQ--FGYRV-QPI---QPN--LQEKIMSLVID
234
AR-------------------------DYNSQMSSTFQV-QPM---QPN--LQERM
225
AR------------------------ADFNSQMPFAFRV-QPM---QPN--LQERM
228
GG-----------------------------PRIIALRL-PTNHH--PT--LH-SGGGS--DLTTFALLE 243
EG-----------------------------SRAYALRFHQNHHHYYPNHGLHAPSAS---DIITFHLLE 248
AA-----------------------------SNLYALRLYQN---QQPPLVLH--------DGTNDLRLA 240
HSATAYYG-GESSSSGTALQLMSAA-PQLHADDL-GFRL-QPT---QPN--LQDPAAPCGGLHGHGLQL 275
YKPGEYQQFLEQQQQQPNSVLQLATLPSEIDPT---YNL-QLA---QPN--LQNDPTA---------QND 268
--P----FFGE-----PSSVLQLATIPQQFQ-S---YQL-QLA---QPN--LQ-D------------SNV 249
PI-motif derived
paleoAP3 motif

Figure 11. The alignment of conceptual protein sequences of each gene from G.
arboreum and A. thaliana, A. majus and Z.mays.
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(abcdefg)n repeats (K1, K2 and K3) in which a and d positions are occupied by
hydrophobic amino acids (L, M, V, I or A). And a Gly is always located in position 130.
Between K1 and K2, hydrophobic amino acids are highly conserved in position 133 and
136. Within the K domain, PI homologs contain a highly conserved sequence KHExL
while AP3 homologs possess a (H/Q)YExM sequence at the same position (Kramer et al.
1998). In addition, the PI-motif at the 3′-end of the C-terminal domain of PI homologs is
the conserved sequence MPFxFRVQPxQPNLQE. According to Kramer et al. (1998),
Kramer & Irish (2000) and Becker et al. (2002), the PI-motif derived motif and euAP3
motif at the 3′-end of C-terminal domain of AP3 genes, and the PI-motif derived motif
and paleoAP3 motif at the 3′-end of C-terminal domain of B-sister genes are also highly
conserved. Moreover, the AG motif I and II are very conserved at the 3′-end of AG gene
(Kramer et al. 2004).

3. Intron/exon structure and length variation of exons and introns of
each gene
(1) The B-sister gene
By comparing the cDNA sequences with the genomic DNA sequences of the Bsister gene from all eight species, the exon and intron locations were inferred. There are 6
exons and 5 introns in this gene (figure 12). No length variation among species was
observed in the exons (table 9). According to Winter et al. (1999), the intron between
exon 3 and 4 of A. thaliana ABS/AGL32 is lacking, and this is also found in Gossypium.
Compared to exon length of A. thaliana ABS/AGL32 in Genbank, the exon length of Bsister gene in Gossypium is conserved, except that exon 2 and 6 are 3 bp and 54 bp
shorter, respectively. Moreover, compared to which in A. thaliana, the intron locations of
this gene in the eight species had been shifted for 3 nucleotides to 5′-end except that the
first intron location is conserved (figure 13).
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Figure 12. Gene structure of B-sister gene in eight species. The arrows show the
direction and location of each primer. The numbers above show intron length, while
the numbers below show exon length.

Table 9: Comparison of exon length of B-sister from these eight species and A.
thaliana
Species

Exon Length (bp)
1

2

3/4

5

6

7

Total

Gossypium

188

67

165

42

42

198

702

A. thaliana

188

70

165

42

42

252

759

Figure 13. Diagram of intron locations of B-sister gene in Gossypium and A. thaliana.
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Among the 5 introns of B-sister gene (table 10), the length of intron 2, 3, 4 and 5
are quite similar, while the first intron is the longest and is ~7-9 times longer than the
other introns. Intron 5 is most conserved in length in the eight species (72 bp). The length
of intron 3 is also conserved (95 bp long) except that intron 3 in G. sturtianum and
Gossypioides kirkii is 97 bp and 96 bp long, respectively. Intron 2 has two length
patterns, one of which is 80 bp in both A-genome and A-subgenomes in tetraploids, while
the other one is 76 bp in all the other diploid genomes as well as D-subgenomes in
tetraploids. The length of intron 4 is 89 bp in A-genome species and A-subgenome in
tetraploids, 92 bp in D-subgenome in tetraploids, and 88 in all the other diploid genomes.
Table 10: Comparison of the intron length of B-sister gene from the eight species
and A. thaliana
Species

Intron Length (bp)
1

2

3

4

5

Total

G. arboreum

796

80

95

89

72

1132

G. herbaceum

797

80

95

89

72

1133

G. hirsutum A′

798

80

95

89

72

1134

G. barbadense A′

797

80

95

89

72

1133

G. raimondii

792

76

95

88

72

1123

G. gossypioides

790

76

95

88

72

1121

G. hirsutum D′

793

76

95

92

72

1128

G. barbadense D′

793

76

95

92

72

1128

G. sturtianum

794

76

97

88

72

1127

Gossypioides kirkii

546

76

96

88

72

878

A. thaliana

756

110

91

97

86

1140
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(2) The AP3 gene
The intron and exon locations of the AP3 gene have been determined by
comparing the cDNA sequences with their genomic sequences from all eight species.
There are 7 exons and 6 introns within this gene (figure 14). The length of each exon is
the same for all eight species (table 11). Compared to its homologs from A. thaliana, A.
majus, Brassica napus and Oryza sativa, the AP3 gene from Gossypium has conserved
exon length for each exon except the last one. As a result, the intron locations are
identical in these species (figure 15).
The intron lengths of the AP3 gene are highly variable relative to the conserved
exon length and intron locations. Among these 6 introns, intron 4 and 6 are each ~8-10
times longer than intron 2 which is the shortest. Small indels and microsatellite length
variation account for some of this variation. Additionally, large scale deletions are also
apparent. For example, the length of intron 4 of AP3 gene from G. herbaceum and G.
gossypioides are significantly shortened by large deletions of ~ 400 bp and ~530 bp,
respectively (table 12).

Figure 14. Gene structure of AP3 gene in all eight species. The arrows show the
direction and location of each primer. The numbers above show intron length.
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Table 11: Comparison of the exon length of AP3 gene in Gossypium, A. thaliana, A.
majus, Brassica napus and Oryza sativa
Species

Exon Length (bp)
1

2

3

4

5

6

7

Total

Gossypium

188

67

62

100

42

45

171

675

A. thaliana

188

67

62

100

42

45

195

699

A. majus

188

67

62

100

42

45

180

684

Brassica napus

188

67

62

100

42

45

171

675

Oryza sativa

188

67

62

100

42

45

168

672

Figure 15. Diagram of intron locations of AP3 gene in Gossypium and A. thaliana, A.
majus, B. napus and O. sativa.
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Table 12: Comparison of the intron length of AP3 gene in Gossypium and A. thaliana
Species

Intron Length (bp)
1

2

3

4

5

6

Total

G. arboreum

114

91

146

825

102

948

2225

G. herbaceum

110

91

145

417

101

951

1815

G. hirsutum A′

108

82

142

856

102

952

2242

G. barbadense A′

110

85

144

860

104

945

2248

G. raimondii

112

82

144

873

107

895

2213

G. gossypioides

112

73

143

345

112

889

1674

G. hirsutum D′

110

91

144

818

100

893

2156

G. barbadense D′

110

91

144

816

102

895

2158

G. sturtianum

112

79

145

872

117

984

2309

Gossypioides kirkii

113

83

107

617

103

961

1984

A. thaliana

101

83

84

172

276

245

961

(3) The PI gene
1 The PI-small copy of PI gene
By comparing the cDNA sequences with the genomic DNA sequences of the PIsmall copy of the PI gene from Gossypium, we find that it contains 7 exons and 6 introns
(figure 16). No length variation was observed among Gossypium species in the exons
(table 13). Compared to exon length of PI gene from A. thaliana and A. majus in
Genbank, the exon length of PI-small copy of PI gene in Gossypium is conserved with
the exception of the length of the last exon, which is 147 bp long. Intron locations are
conserved among Gossypium species as well as relative to A. thaliana and A. majus
(figure 17).
We compared the cDNA sequence with its genomic DNA sequences of PI-small
copy of PI gene, and found that intron 6 is the longest one, followed by intron 2, intron 4
and 5, and finally intron 1 and 2 (table 14). The length of each intron in the eight species
is generally similar.
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Figure 16. The gene structure of PI-small copy of PI gene in the eight species. The
arrows show the direction and location of each primer. The numbers above show
intron length. The numbers below show exon length.

Table 13: Comparison of the exon length of PI-small copy and PI-big copy of PI
gene in the eight species and A. thaliana and A. majus
Gene

Species

Exon Length (bp)
1

2

3

4

5

6

7

Total

PI-small

Gossypium

188

67

62

100

30

45

147

639

PI-big

Gossypium

188

67

62

100

30

45

138

630

PI

A. thaliana

188

67

62

100

30

45

135

627

Globosa

A. majus

188

67

62

100

30

45

156

648

Figure 17. Diagram of intron locations of PI-small and PI-big copies of PI gene from
this research as well as its homologs from A. thaliana and A. majus
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Table 14: Comparison of the intron length of PI-small copy of PI gene in the eight
species and A. thaliana
Species

Intron Length (bp)
1

2

3

4

5

6

Total

G. arboreum

114

556

113

145

138

1268

2334

G. herbaceum

112

556

113

139

138

1268

2326

G. hirsutum A′

111

557

113

141

138

1268

2328

G. barbadense A′

107

559

113

145

138

1266

2328

G. raimondii

124

560

113

138

138

1277

2350

G. gossypioides

122

556

113

122

138

1257

2305

G. hirsutum D′

125

560

113

140

138

1274

2350

G. barbadense D′

115

559

113

134

138

1255

2324

G. sturtianum

121

564

113

141

138

1233

2330

Gossypioides kirkii

115

573

74

121

138

1269

2290

-

997

130

72

88

102

1389

A. thaliana

2 The PI-big copy of PI gene
The exon and intron locations of the PI-big copy of the PI gene have been
inferred by comparing the cDNA sequences with the genomic DNA sequences. It
contains 7 exons and 6 introns (figure 18). No length variation was observed in the exons
(table 13). Compared to exon length of PI gene from A. thaliana and A. majus in
Genbank, the exon length of PI-big copy of PI gene Gossypium is conserved with the
exception of the length of the last exon, which is 138 bp long. As shown in figure 18, the
intron locations are conserved in Gossypium as well as in A. thaliana and A. majus.
The intron 1 and intron 3 are highly conserved in length within Gossypium (table
15). The exceptions are that intron 1 from G. gossypioides and outgroup are 112 and 115
bp long, respectively, instead of 113 bp long in the other species. Intron 3 is 90 and 97 bp
long, respectively, in G. sturtianum and outgroup, other than 89 bp long in the other
species. Intron 6 is the longest one among these 6 introns, with ~ 40 times longer than
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Figure 18. The gene structure of PI-big copy of PI gene in all eight species. The
arrows show the direction and location of each primer. The numbers above show
intron length. The numbers below show exon length.

Table 15: Comparison of the intron length of PI-big copy of PI gene in these species
and A. thaliana
Species

Intron Length (bp)
1

2

3

4

5

6

Total

G. arboreum

113

464

89

169

192

3945

4972

G. herbaceum

113

462

89

169

192

3949

4974

G. hirsutum A′

113

420

89

164

192

3988

4966

G. barbadense A′

113

420

89

166

192

3985

4965

G. raimondii

113

454

89

166

182

4372

5376

G. gossypioides

113

458

89

167

193

4173

5192

G. hirsutum D′

113

456

89

168

198

4621

5645

G. barbadense D′

113

458

89

169

197

4021

5047

G. sturtianum

113

474

90

165

193

4470

5505

Gossypioides kirkii

115

365

97

89

181

2276

3123

-

997

130

72

88

102

1389

A. thaliana
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intron 3. The length variation of introns among Gossypium is caused by indels, variations
of satelate repeats, and especially large scale deletions. Unexpectedly, a large insertion of
a solo-LTR of a copia retroelement has been found (see Part V).
(4) The AG gene
The exon and intron locations of the AG gene were inferred by comparing the
cDNA sequences with the genomic sequences. The AG gene of Gossypium contains 7
exons and 6 introns (figure 19). No length variation was observed in any exon within
Gossypium (table 16). Compared to the AG gene of A. thaliana, the exon length is
generally conserved except the length of exon 1, 2 and 7 are 3, 3 and 12 bp shorter,
respectively.
The AG gene in A. thaliana contains one additional intron within 5′ UTR region,
and thus the AG gene of A. thaliana consists of 7 exons and 7 introns. This additional
intron has also been found in the D-genome diploid species and D-subgenome of the
tetraploid species (figure 20). Surprisingly, the A- and C- genome species and Asubgenome of tetraploid species do not contain this additional intron. The 5′ UTR of the
A- and C- genome species and A-subgenome of tetraploids is almost identical to 3′ -end
part of this additional intron of the D-genome species and D-subgenome of the
tetraploids. As a result, the transcription initiation sites of AG gene of A-(sub)genome, Cgenome and D-(sub)genome have diverged, possibly before the formation of the
tetraploids.
The intron locations are conserved in Gossypium, A. thaliana and A. majus (figure
21). The exceptions are that A-(sub)genome and C-genome of Gossypium species lack
the first intron within the 5′ UTR, intron 1 had been shifted 3 nucleotides to the 5′ -end,
intron 3, 4, 5, 6, and 7 had been shifted 6 nucleotides to the 5′ -end, and the AG of A.
majus contains one additional intron at the very 3′ -end. The length of intron 3, 4, 5, and 6
are conserved in Gossypium species (table 17). Intron 2 is the longest, and is ~10-20
times longer than the other introns.
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Figure 19. The gene structure of AG gene in all eight species. The arrows show the
direction and location of each primer. The numbers above show intron length. The
numbers below show exon length.

Table 16: Comparison of exon length of AG gene from Gossypium, A. thaliana
and A. majus
Species

Exon Length (bp)
1

2

3

4

5

6

7

8

Total

Gossypium

227

79

62

100

42

42

189

-

741

A. thaliana

230

82

62

100

42

42

201

-

759

A. majus

221

82

62

100

42

42

167

4

720

65

Apparent D-(sub)genome transcription initiation site
bcDNA1
bcDNA2
raim
goss
hirD
barbD
bcDNA3
bcDNA4
stcDNA
stor
barbA
hirA
arb
herb
og

GAAACGTTTTCTGCATCTCTTCTGGTCAGAGATTTGCAGTTAAAA-GGAAAAACAAAGAGAA------------------GAAACATTTTCTGCATCTCTTCTGGTCAGAGATTTGCAGCTAAAA-GGAAAAACAAAGAGAA----------------------------------AG-dF0----------------GCTAAAA-GGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------------GCTAAAA-GGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
-------------------------------------AGCTAAAA-GGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------------GCTAAAA-GGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------TAATTGTTTTCTGCATCTCTTCTGGTCAGAGATTTGCAGCTAAAA-GGAAAAACAAAGAGAAGTAAATCAAAAACTCTTAT
--------------------------------------AGCTAAAAGGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------------AGCTAAAAGGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------ATTGCAGCTAAAAAGGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------ATTGCAGCTAAAAAGGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT
--------------------------------ATTGCAGCTAAAA-AGAAAAACAAAGAGAAGTAAATCAAAAACTCTTTT

bcDNA1
bcDNA2
raim
goss
hirD
barbD
bcDNA3
bcDNA4
stcDNA
stor
barbA
hirA
arb
herb
og

------------------------------------------------------------------------------------------------------------------------------------------------------------------CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCTTT----------TCCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCTTTTCTTTTCTTTTCCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCTTTTCTTTTCTTTTCCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCTTTTCTTTTCCTTTCCTTTCAAGGTTAGTCAGCCAT
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------CTTCTTTATTTTCTGCCCTTAATTATCATACTTGCCTTTTCTTTTCTTTTCTTT-----TCCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCCTTTCTTTTCTTTTCTTTT-----CCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCTTTTCTTTT-----CCTTTCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCCTT---------------TCAAGGTTAGTCAGCCAT
CTTCTTTATTTTCTGCCTTTAATTATCATACTTGCCTTTTCTTTTCCTT---------------TCAAGGTTAGTCAGCCAT
CTCCTTTATTTTCTGCCTTTAATTATCATACTT----TTTCTTTTCTTT----------TCCTTTCAAGGTTAGTCAGCCAT

bcDNA1
bcDNA2
raim
goss
hirD
barbD
bcDNA3
bcDNA4
stcDNA
stor
barbA
hirA
arb
herb
og

------------------------------------------------------------------------------------------------------------------------------------------------------------------AAACTGAAAACAAAATTATTTTAATCACTTCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------TTTT---ACCTC
AAACTGAAAACAAAATTATTTTAATCACTTCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------TTTTT--ACCTC
GAACTGAAAACAAAATTATTTTAATCACTTCTTCTTGCTTCACTTACTTTGGGTTTTT-------------------ACCTC
AAACTGAAAACAAAATTATTTTAATCACTTCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------TTTTTTTACCTC
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------AAACTGAAAACAAAATTATTTTAATCACTTCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------TTTTTT-ACCTC
AAACTGAAAACAAAATTATTTTAATCACATCTTCTTGCTTCACTTACTTTGG-TTTTC--------------TTTTTACCTC
AAACTGAAAACAAAATTATTTTAATCACATCTTCTTGCTTCACTTACTTTGG-TTTTTTTTTTT-------------ACCTC
AAACTGAAAACAAAATTATTTTAATCACATCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------T------ACCTC
AAACTGAAAACAAAATTATTTTAATCACATCTTCTTGCTTCACTTACTTTGGGTTTTTTTTT--------TT-----ACCTC
AAACTGAAAACAAATTTATTTTAATCACTTCTTCTTGCTTCGCTTACTTTGGGTTTTTTTTTCTTTTTTGTTTTTTTACCTC

Figure 20. The alignment of 5′ UTR and partial encoding sequences of AG gene from
the eight species and cDNAs of 5′-end of AG gene from G. sturtianum and G.
barbadense. The nucleotides of cDNAs are bold.
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bcDNA1
bcDNA2
raim
goss
hirD
barbD
bcDNA3
bcDNA4
stcDNA
stor
barbA
hirA
arb
herb
og

bcDNA1
bcDNA2
stcDNA
bcDNA3
bcDNA4
raim
goss
hirD
barbD
stor
barbA
hirA
arb
herb
og

Apparent A-(sub)genome transcription initiation site
------------------------------------------------------------------------------------------------------------------------------------------------------------------TCCTTGATCATCAAATTCTATATATGTACTTTTCAAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTTT
AAAATATATGTGCTTTTCAAAGAAGATAGTAAATGGTACTGTTGCTTTCATCATGGTTTATTTTTT
AAAATATATGTGCTTTTCAAAGAAGATAGTAAATGGTACTGTTGCTTTCATCATGGTTTATTTTTT
AAAATATATGTGCTTTTCAAAGAAGATAGTAAATGGTACTGTTGCTTTCATCATGGTTTATTTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAATAATATAGTAAATGATGTTATTGCTTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAATAATATAGTAAATGATGTTATTGCTTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAATAATATAGTAAATGATGTTATTGCTTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCAAATAATATAGTAAATGATGTTATTGCTTTCATCATGGTTTTTCTTTT
TCCTTGATCATCAAATTCTATATATGTACTTTTCGAAGAATATAGTAAATGATATTATTGCCTTCATCATGGTTTTTCTTCT

--------------------TTAGGAAGC
--------------------TTAGGAAGC
---------------T-CAGTTAGGAAGC
---------------T-CAGTTAGGAAGC
---------------T-CAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGTGTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTTTTTTGGTTTGTTCCAGTTAGGAAGC
GGTGTTTTGGTTTGTTCCAGTTAGGAAGC
*** *********

MADS-box
N-extension
domain
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAAACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
ATGGTGTACCCCAATGAATCCCTTGAAGACTCTCCCCAGAAGAAA ATGGGG
********************************************* ******

Figure 20. (Continued)

Figure 21. Diagram of intron locations of AG gene in A- and D-(sub)genomes from
this research as well as AG genes from A. thaliana and A. majus.
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Table 17: Comparison of the intron length of AG in the eight species and A. thaliana
Species

Intron Length (bp)
1

2

3

4

5

6

7

Total

G. arboreum

-

2467

164

95

140

206

167

3239

G. herbaceum

-

2462

164

95

140

206

167

3234

G. hirsutum A′

-

2444

164

95

113

206

167

3189

G. barbadense A′

-

2451

164

95

113

206

167

3196

G. raimondii

264

2455

164

95

113

206

167

3464

G. gossypioides

275

2463

164

95

113

206

167

3483

G. hirsutum D′

265

2422

164

95

113

206

167

3432

G. barbadense D′

277

2415

164

95

113

206

167

3437

G. sturtianum

271

2436

165

95

113

206

169

3455

Gossypioides kirkii

N./A. 2484

165

93

115

207

170

N./A.

A. thaliana

555

102

87

86

84

130

4043

2999

(5) Summary
We compared the exon length of each exon of each gene from Gossypium spp.
and A. thalinan, and/or A. majus in table 18 (for the relationship between domains and
exons, see figure 22). Interestingly, we found that these genes from these species contain
seven exons. The exception is that B-sister gene from Gossypium spp. and A. thaliana
contain 6 exons because of the missing intron 3, and PI gene from A. thaliana contains 6
exons because of the missing intron 1, and AG gene from A. majus contains 8 exons by
insertion of an additional intron into the very end of last exon. Moreover, the exon length
of each gene is conserved. The length of exon 1 in each gene contributing to MADS-box
domain is typically 188 nucleotides, except AG gene which contains an additional Nextension sequence. The exon 2, which contributes to most of I domain, is almost 67 bp
long, except B-sister gene from A. thaliana contains one more amino acid, AG gene from
Gossypium spp. contains 4 more amino acids, and AG gene from A. thaliana and A.
majus contains 5 more amino acids. Exon 3 is typically 62 bp long, except B-sister gene
is 65 bp long. The length of exon 4 is typically 100 bp with no exception. Exon 5 of B68

Table 18: Comparison of the Exon length of B-sister, AP3, PI-small, PI-big and AG
Gene

Species

Exon Length (bp)
1

2

Gossypium

188

67

A. thaliana

188

70

Gossypium

188

67

62

A. thaliana

188

67

A. majus

188

PI-small

Gossypium

PI-big

Gossypium

B-sister
AP3

A. thaliana
AG

5

6

7

8

Total

165

42

42

198

-

702

165

42

42

252

-

759

100

42

45

171

-

675

62

100

42

45

195

-

699

67

62

100

42

45

180

-

684

188

67

62

100

30

45

147

-

639

188

67

62

100

30

45

138

-

630

62

100

30

45

135

-

627

255

3

4

A. majus

188

67

62

100

30

45

156

-

648

Gossypium

233

79

62

100

42

42

189

-

750

A. thaliana

236

82

62

100

42

42

201

-

858

A. majus

227

82

62

100

42

42

167

4

819

Figure 22. Domain and exon structure of genes B-sister, AP3, PI-small, PI-big & AG
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sister, AP3 and AG genes is 42 bp long while which of PI gene is 30 bp long. And the
length of exon 6 is 42 bp in B-sister and AG gene but 45 bp in AP3 and PI genes. At last,
the exon 7 contributing to most of the C-terminal domain is highly variable.
In conclusion, each of the five genes contains a conserved exon/intron structure,
and relatively conserved exon length, compared to its homologs in A. thaliana and A.
majus.

4. Pairwise sequence comparisons for sequence identity analysis
To further study how similar each of the five genes is to its homologs in A.
thaliana and A. majus, we did pairwise distance analysis using PAUP 4.0. We used the
MIK region of each gene cDNA as well as its whole cDNA (MIKC region) for
comparisons. The results showed that sequence identity between each gene and its
homologs in both species is higher than between genes (table 19 - 22). This high
sequence identity confirms that the genes we characterized are homologous to the five
genes in both species. In addition, in all comparisons for each gene, the sequence identity
of MIK regions is higher than that for the MIKC regions. This indicates that C-terminal
regions are very variable, consistent with previous observations (Purugganan 1995).

Table 19: The sequence identity of MIK and MIKC regions of B-sister cDNA from G.
arboreum and its homologs from A. thaliana and A. majus
B-sister
B-sister

A. thaliana ABS

A. majus DEFH21

-

A. thaliana ABS

0.662 (0.681)

-

A. majus DEFH21

0.648 (0.619)

0.605 (0.584)

-

Note: the numbers in parentheses come from comparisons of MIKC regions.
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Table 20: The sequence identity of MIK and MIKC regions of AP3 cDNA from G.
arboreum and its homologs from A. thaliana and A. majus
AP3
AP3

A. thaliana AP3 A. thaliana PLE A. majus DEF

-

A. thaliana AP3

0.751 (0.622)

-

A. thaliana PLE

0.725 (0.611)

0.701 (0.655)

-

A. majus DEF

0.786 (0.654)

0.705 (0.669)

0.700 (0.651)

-

Note: the numbers in parentheses come from comparisons of MIKC regions.
Table 21: The sequence identity of MIK and MIKC regions of PI-small and PI-big
cDNA of PI gene from G. arboreum and its homologs from A. thaliana and A. majus
PI-small
PI-small

PI-big

A. thaliana PI

A. majus Globosa

-

PI-big

0.911 (0.894)

-

A. thaliana PI

0.738 (0.698) 0.718 (0.679)

-

A. majus Globosa

0.796 (0.738) 0.767 (0.708)

0.700 (0.651)

-

Note: the numbers in parentheses come from comparisons of MIKC regions.

Table 22: The sequence identity of MIK and MIKC regions of AG cDNA from G.
arboreum and its homologs from A. thaliana and A. majus

AG
AG

A. thaliana AG

A. majus FAR

-

A. thaliana AG

0.751 (0.687)

-

A. majus FAR

0.718 (0.644)

0.690 (0.621)

Note: the numbers in parentheses come from comparisons of MIKC regions.
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Part III Patterns of Gene Expression
Analyses of gene expression patterns of these newly isolated MADS-box genes in
Gossypium were undertaken using RT-PCR amplification with total RNAs from roots,
young leaves, and each floral part (bract, sepal, petal, stamen, carpel, and ovule) of
different floral stages of G. arboreum and G. hirsutum as well as each floral parts of
floral stage 4 of G. raimondii. To check the expression patterns of both A-subgenome and
D-subgenome of each gene, the RT-PCR products of each gene from different parts of
different stages of G. hirsutum were digested with different restriction enzymes, which
can differentiate among subgenomes, RT-PCR products of each gene from G. arboreum
and G. raimondii were used as controls.

1. The B-sister gene
The known B-sister homologs in A. thaliana (ABS/AGL32), Petunia hybrida
(FBP24), A. majus (DEFH21), Ginkgo biloba (GbMADS10), and Gnetum gnemon
(GGM1) are all expressed in ovules, and the Asarum europaeum AP3-2 is expressed in
carpels and which in Zea mays (ZZM17) is strongly in ovules, carpel walls and female
infloresecences, and weakly in male inflorescences (Becker et al. 2002; Tonaco et al.
2006).
In Gossypium, the B-sister gene cannot be detected by RT-PCR in roots, young
leaves, and flower stage 1 and 2 in either G. arboreum or G. hirsutum. In fully opened
flowers, the B-sister gene is highly expressed in ovules of G. arboreum and G. hirsutum,
even though it is also weakly expressed in carpels of G. hirsutum. In G. hirsutum, the Bsister gene is steadily expressed in different flower stages from stage 3 onwards.
However, the B-sister gene’s expression is developmentally regulated in G. arboreum. It
is strongly expressed in petals, stamens, carpels and ovules of flower stage 3, while it
cannot be detected in floral parts of stage 4. Additionally, in flower stage 4 of G.
raimondii, this gene’s expression can only be weakly detected in carpels. The RT-PCR
products from different stages of G. hirsutum have been digested with Rsa I and the
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Figure 23. The expression patterns of B-sister gene in different flower stages of G.
arboreum, G. raimondii and G. hirsutum by RT-PCR (A). The RT-PCR products
from G. hirsutum have been digested by enzyme Rsa I (B).
results show that only the D-subgenomic homoeolog is expressed, while the Asubgenomic copy is silenced (figure 23).

2. The AP3 gene
The AP3 gene is usually highly expressed in petals and stamens and ovules
(Kramer & Irish 1999) but can also be detected in petaloid perianth and carpels in
Clematis integrifolia, Aquilegia alpine, A. clematiflora (Kramer et al. 2003), Thalictrum
dioicum and T. thalictroides (Stilio et al. 2005).
The AP3 gene cannot be detected in roots, leaves, flower stage 1 and 2 in G.
arboreum or G. hirsutum. AP3 shows steady expression at a high level in G. hirsutum
petals, stamens and ovules in different flower stages since stage 3, but it has different
expression patterns in different stages in G. arboreum. In stage 3, AP3 has a farely broad
expression pattern, being strongly expressed in sepals, stamens, carpels and ovules. In
stage 4, it can only be detected in petals and stamens. Finally in fully opened G.
arboreum flowers, its expression is restricted to petals, stamens and ovules. Surprisingly,
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AP3 is strongly expressed in bracts, sepals, petals, stamens and carpels in flower stage 4
of G. raimondii.
The RT-PCR products from G. hirsutum have been digested with BspH I and the
results indicate that both homoeologs are almost evenly expressed in different parts of G.
hirsutum flowers, with the exception of petals and stamens where the D-subgenome copy
is more strongly expressed (figure 24).

3. The PI gene
The PI gene is typically expressed in petals and stamens even though it can also
be detected in petaloid perianth and carpels (Kramer et al. 2003). The PI-small copy of PI
gene cannot be detected in roots, leaves, flower stage 1 and 2 of G. arboreum and G.
hirsutum (figure 25). This copy has very broad expression patterns in G. arboreum. In
stage 3, it is almost highly expressed in each flower part. In stage 4, it is strong expressed
in petals and stamens, and weakly expressed in sepals. But in fully opened G. arboreum
flowers, it can be highly detected in petals and stamens, and weakly detected in bracts,
sepals and carpels. In G. hirsutum, PI-small copy is primarily expressed in petals and

Figure 24. The expression patterns of AP3 gene in different flower stages of G.
arboreum, G. raimondii and G. hirsutum by RT-PCR (A). The RT-PCR products
from G. hirsutum have been digested by enzyme BspH I (B).
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Figure 25. The expression patterns of PI-small copy of PI gene in different flower
stages of G. arboreum, G. raimondii and G. hirsutum by RT-PCR (A). The RT-PCR
products from G. hirsutum have been digested by enzyme Xho I (B).

stamens, with the exception of its expression in stage 4 ovules and in fully opened sepals.
It has the same expression pattern in stage 4 of G. raimondii as in G. arboreum.
The RT-PCR products of PI-small copy from G. hirsutum have been digested
with Xho I (figure 25). The digestion patterns demonstrated that both A- and Dsubgenomic homoeologs are expressed in each part of different stages of G. hirsutum, but
that the A-subgenome copy is more strongly expressed in bud stages.
The expression patterns of the PI-big copy are mostly restricted to petals and
stamens in different stages of different species. The exceptions are that it is expressed
weakly in sepals of G. arboreum stage 3 flowers and of G. raimondii stage 4 flowers,
weakly in stage 4 petals of G. arboreum, as well as weakly in stamens and ovules of G.
hirsutum stage 4 flowers.
The digestion patterns of the RT-PCR products from G. hirsutum with Cac8 I
show that only A-subgenome is expressed, because Cac8I has one digestion site in G.
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arboreum, G. raimondii and A-subgenomic homoeolog in G. hirsutum, but no digestion
site in D-subgenomic homoeolog (figure 26).

4. The AG gene
Typically AG gene expression is very conserved in stamens, carpels and ovules
(Bowman et al. 1991), but it can also be detected in vegetative bud, stem and leaf of
poplar (Brunner et al. 2000). Generally speaking, the AG gene in Gossypium has a
broader expression pattern than in A. thaliana. AG expression in G. arboreum is highly
developmentally regulated. It has a broad expression pattern in stage 3, followed by
limited expression in stamens in stage 4, and in fully opened G. arboreum flowers, strong
expression in petals, carpels and ovules, as well as weak expression in bracts and sepals.
The expression patterns of AG in G. hirsutum are steady in stage 3 and 4, but are highly
expressed in petals, stamens, carpels and ovules, and weakly in bracts of fully opened G.

Figure 26. The expression patterns of PI-big in different flower stages of G.
arboreum, G. raimondii and G. hirsutum by RT-PCR (A). The RT-PCR products
from G. hirsutum have been digested by enzyme Cac8 I which has no digestion sites
in D-subgenomic homoeolog (B).
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hirsutum flowers. In G. raimondii stage 4 flowers, AG is strongly expressed in sepals,
petals, stamens and carpels, and weakly expressed in bracts and ovules.
The RT-PCR products from G. hirsutum have been digested with Hae III (figure
27). The results demonstrate that both homoeologs are almost evenly expressed in each
part of G. hirsutum.
In conculsion, compared to the expression patterns of their homologs in A.
thaliana, each of these five genes exhibits relatively conserved but developmentally
regulated expression patterns (table 23).

Figure 27. The expression patterns of AG gene in different flower stages of G.
arboreum, G. raimondii and G. hirsutum by RT-PCR (A). The RT-PCR products of
AG gene from different flower stages of G. hirsutum have been digested by enzyme
Hae III (C).
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Table 23: Summery of expression patterns of the five genes detected by RT-PCR
Gene

Flower

Species

Bs

Stage 3

G. arboreum

bract sepal

petal
+++

stamen

carpel

ovule

+++

+++

+++

G. hirsutum
Stage 4

+++ D′

G. arboreum
G. hirsutum

+++ D′

G. raimondii
Opened

+

G. arboreum

+++

G. hirsutum

+D′

A. thalianaa
AP3

Stage 3
Stage 4

Opened

AG

Stage 3

+++

G. arboreum

+++

+++both +++both

G. arboreum

+++

G. hirsutum

+++both +++both

+++
+++both

+++
+++both

+++

G. arboreum

+++

+++

G. hirsutum

+++both +++both

+++both

A. thalianab

+++

+++

+++ +++

+++
+++

+++
+++

+++

+++both +++both

G. arboreum

+++
+++both

+++

G. hirsutum
Opened

+++

+++

G. arboreum

+++ +++

G. hirsutum
Stage 4

+++

G. hirsutum

G. raimondii

+++ D′

+both

+++both

G. raimondii

+

+++

+++

G. arboreum

+

+

+++

G. hirsutum

+both

A. thalianac

+++

+++

+

+++

+++

+++both +++both +++both +++both
+++
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+++both

+++

+++

Table 23: Continued
Gene

Flower

PI-small Stage 3

Species
G. arboreum

bract sepal
+++ +++

G. hirsutum
Stage 4

G. arboreum

+

G. hirsutum
PI-big

Stage 3

G. arboreum

+++

+

+++

+++

+

+++

+++

+

+++

+++

+++A′

+++A′

+

G. hirsutum
Opened

+++

+++both
+

+++both +++both +++both

G. arboreum
G. raimondii

+++

ovule

+++

+++

G. hirsutum
Stage 4

+++

+++both +++both

G. raimondii
G. arboreum

+++

stamen carpel

+++both +++both

G. hirsutum
Opened

petal

+++
+ A′

+

+++

+++

G. arboreum

+++

+++

G. hirsutum

+++A′

+++A′

A. thalianad

+++

+++

+A′

Note: +++, means strong expression. ++, moderate expression. +, very weak expression.
D′, only D-subgenomic gene is expressed. A′, only A-subgenomic gene is expressed. both,
both homoeologs are expressed. a, Becker et al. 2002. b, Kramer & Irish 1999. c,
Bowman et al. (1991). d, Krizek & Meyerowitz (996).
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Part IV Phylogeny of the Five MADS-box genes
1. Phylogeny of all twelve gene clades of plant MIKCc-type genes
We characterized B-sister, AP3, PI and AG genes from all seven Gossypium
species as well as an outgroup species, Gossypioides kirkii. We detected only one copy
of each of these genes, except for the PI gene which is represented by two copies in each
of diploid species investigated. Each allotetraploid investigated contains two homoeologs
of each gene from its parental donors. According to Becker & Theissen (2003), there are
twelve gene clades of plant MIKCc-type genes. Here we reconstructed that phylogenetic
tree, including these five MADS-box genes we obtained. We performed neighbor-joining
analyses by using amino acid sequences of MIK domains of each gene. Each of the five
genes we obtained perfectly groups with its homologs to form a monophyletic clade with
a very high bootstrap value (figure 28).

2. Phylogeny of the four gene clades among different plant lineages
For each of the four gene clades, we performed maximum parsimony analyses by
using the whole amino acid sequence of each gene we obtained as well as its known
homologs in GenBank. The exception was that we performed neighbor-joining analyses
for the AG gene, by using SVP and AP3 protein sequences as outgroups, according to
Becker & Theissen (2003). The phylogenetic tree of B-sister clade among different plant
lineages showed that the Gossypium B-sister gene and Arabidopsis ABS gene form a
monophyletic group (figure 29). The phylogenetic tree of AP3 clade demonstrated that
there are two monophyletic groups, i.e. TM6 and euAP3 groups, within eudicots, as
previously published (Kramer et al. 1998; figure 30). Surprisingly, Gossypium AP3
groups together with TM6 orthologs. We used Gossypium AP3 to blast and found 6 EST
sequences in G. hirsutum and G. raimondii in GenBank with high sequence similarities.
All of these six EST sequences group together with Gossypium AP3 within TM6 group
(figure 30). It is possible that there is only 1 AP3 gene in Gossypium, which is more
similar to TM6 homologs than to AP3 homologs. The phylogenetic tree of PI clade
showed that Gossypium PI groups together with eudicot PI homologs (figure 31). As
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Figure 28. Phylogeny of the twelve gene clades of plant MIKCc-type genes, including
the five genes we obtained. The numbers above branches are bootstrap values.
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Figure 29. Phylogeny of B-sister clade among different plant lineages. The numbers
above branches are bootstrap values. CI: 0.865. RI: 0.534.
Parsimony-informative characters are 148.

Figure 30. Phylogeny of AP3 clade among different plant lineages. The numbers
above branches are bootstrap values. CI: 0.707. RI: 0.610.
Parsimony-informative characters are 174.
82

Figure 31. Phylogeny of PI clade among different plant lineages. The numbers above
branches are bootstrap values. CI: 0.657. RI: 0.577.
Parsimony-informative characters are 162.
reported before (Becker & Theissen 2003), the phylogenetic clade of AG clade contains
five monophyletic clades, i.e. eudicot class C and D, monocot class C and D, and
gymnosperm AG clade (figure 32), and the eudicot class C contains two clades, PLE and
AG clades. Gossypium AG groups together with AG homologs with a very high bootstrap
value.

3. Phylogeny of these five MADS-box genes among Gossypium
In studying the gene phylogenies, the null hypothesis is that the duplicated genes
are evolving independently. Therefore, the D-subgenome genes from tetraploids should
form a monophyletic clade together with D-genome species, while A-subgenome genes
should be in the same monophyletic clade together with A-genome species. We
performed maximum likelihood analyses for each of the five genes as well as the
concatenated sequences of all five genes together.
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Figure 32. Phylogeny of AG clade among different plant lineages by neighborjoining analyses. The numbers above branches are bootstrap values.
All five gene trees contain two major monophyletic clades with very high
bootstrap values (figure 33 -37). The two A-genome species and A-subgenome
homoeologs from the two allotetraploids group together, while the two D-genome species
group together with the D-subgenome homoeologs. Within these two monophyletic
clades, the homoeologs of each gene from two tetraploids are sister groups, indicating
that allotetraploids are monophyletic, and diverged from each other after the
polyploidization event that gave rise to them. The A-genome-containing clade in the five
gene trees showed slightly different phylogenetic relationships between two A-genome
homologs and their homoeologs, with G. herbaceum being sister group to G. arboreum or
to two homoeologs. The D- genome -containing clade in all five gene trees showed the
same topology with G. raimondii being sister group to the monophyletic D-subgenome
homoeologs clade.
The exception to this pattern is in the AP3 gene tree (figure 34). In this case, the
A-subgenome homoeolog of AP3 gene from G. barbadense is the sister group to the
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Figure 33. Phylogeny of B-sister gene in Gossypium. The numbers above the
branches are bootstrap values and the numbers below are branch lengths.

Figure 34. Phylogeny of AP3 gene in Gossypium. The numbers above the branches
are bootstrap values and the numbers below are branch lengths.
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Figure 35. Phylogeny of PI-small copy of PI gene in Gossypium. The numbers above
the branches are bootstrap values and the numbers below are branch lengths.

Figure 36. Phylogeny of PI-big copy of PI gene in Gossypium. The numbers above
the branches are bootstrap values and the numbers below are branch lengths.
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Figure 37. Phylogeny of AG gene in Gossypium. The numbers above the branches
are bootstrap values and the numbers below are branch lengths.
monophyletic clade of two A-genome homologs. There are two large overlapping, but
distinct deletions in intron 4 in G. herbaceum (A-genome) and G. gossypioides (Dgenome), which may obscure the phylogenetic signal in this gene. Additionally, analyses
of the Ka/Ks rate ratio tests for positive selection (see Part V) revealed that AP3 may
have been subject to positive selection and a high mutation rate. Both positive selection
and a high mutation rate may allow more divergent substitutions to be accumulated
within the tetraploid subgenomes, thereby obscuring phylogenetic signal.
There is ambiguity in our analyses regarding the relationships of the C-genome
species, G. sturtianum. The gene trees of B-sister, PI-big and AG show tha C-genome is
more closely related to A-genome than to D-genome, while the AP3 (figure 34) and PIsmall (figure 35) gene trees show the reverse relationship. This latter relationship
contradicted to the widely supported phylogeny of Gossypium based on many other genes
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Figure 38. Phylogeny of the five genes. The numbers above the branches are
bootstrap values and the numbers below are branch lengths.
(Small & Wendel 2000; Cronn et al. 2002), but has been previously noted as a difficult
relationship to resolve.
The gene tree based on the concatenation of five genes showed very similar
results as disscused above (figure 38). Within this tree, G. herbaceum is the sister group
to A-genome homoeologs and G. raimondii is sister group to D-genome homoeologs.

Part V Molecular evolution of MADS-box genes
1. GC contents, base compositions, codon use bias and comparison of Ka
and Ks among genes
Effective number of codons is a good index to measure the codon usage bias. We
calculated the ENC (effective number of codons) and GC3 (GC content at the 3rd position
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of codons) of each gene in each species (table 24, 25, figure 39). We also tested Codeml
program of PAML 3.5 for each gene by using three different species topologies:
topologies inferred from each gene alone (figure 33 ~ 37), topologies inferred from the
concatenation of all five MDAS-box genes (figure 32), and the topology from many other
genes (Small & Wendel 2000; Cronn et al. 2002). Under Model M0, we found there are
almost no differences in the outputs for each gene by using different species topologies.
Therefore, for each gene, using the Codeml program of PAML 3.5 with Model M0, we
got the usage ratios of each nucleotide (πA, πT, πG, πC) in each codon position, the ratio of
nonsynonymous substitutions per site to synonymous substitutions per site (ω = dN/dS),
and the ratio of transition to transversition (К= ts/tv) (table 25).
On average, G + C content for each gene is higher at the third (usually
synonymous) codon positions (GC3) than in coding regions, while at the second codon
positions and in noncoding regions, G + C contents are pretty similar and lower than at
GC3 (table 24). The GC3 content is similar across genes (0.418~0.497). Within each
gene, there is very slight variation in codon bias and GC3 contents across species,
implying the extent of codon bias and GC3 contents have experienced little change since
the diversification of the genus Gossypium. However, PI-small and PI-big exhibited
substantial codon bias, with a mean of ENCs (figure 39) across the ingroup species of
47.6 and 47.1, respectively, indicating that 13 codons are effectively unused in these two
copies. The B-sister gene shows the least bias (ENC = 55.2). In addition, the values of
usage ratio of thymine (πT) at the third codon positions of PI-small and PI-big are much
higher, at the expense of πA, relative to B-sister and AP3. The B-sister gene has a high
transition to transversion rate, ~ 2-3 times higher than the other genes. To further check
whether there is a selection for codon bias, we studied the deviation of ENC for each
gene from expectation based simply on each gene’s GC3 content (figure 40). The solid
curve in figure 40 shows the relationship between ENC and GC3s under no selection on
codon usage. If a gene is subject to a selection on codon usage, the points of the plot
should lie on or below the curve. As shown in figure 40, all the five genes are subject to
GC compositional constraints, because of the presence of a selection of codon bias.
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Table 24: G + C contents at different codon positons and regions of each gene
Gene

GC3

GCc

GC2

GCn

GC

B-sister

0.497

0.474

0.329

0.299

0.361

AP3

0.418

0.423

0.339

0.273

0.309

PI- small

0.460

0.411

0.297

0.291

0.315

PI- big

0.484

0.418

0.303

0.322

0.332

AG

0.465

0.436

0.342

0.325

0.344

Note: GC3, G + C contents for third codon positions. GCc, G + C contents in coding
regions. GC2, G + C contents for second codon positions. GCn, G + C contents in
noncoding regions. GC, the average G + C contents in coding and noncoding regions.
Table 25: The parameter eastimates of each gene by Codeml program
Gene

Position

πA

πT

πG

πC

ω(dN/dS)

К

LT

LC

B-sister

1
2
3

0.259
0.397
0.239

0.160
0.275
0.247

0.284
0.184
0.295

0.297
0.145
0.219

0.278
7.062
(0.022/0.079)

0.122

624

AP3

1
2
3

0.344
0.401
0.275

0.163
0.273
0.297

0.279
0.161
0.227

0.215
0.165
0.212

0.645
1.988
(0.062/0.096)

0.211

627

PI-small

1
2
3

0.403
0.443
0.162

0.148
0.260
0.349

0.280
0.143
0.302

0.168
0.154
0.186

0.053
2.197
(0.007/0.124)

0.097

588

PI-big

1
2
3

0.405
0.449
0.160

0.156
0.249
0.329

0.273
0.163
0.328

0.166
0.140
0.183

0.314
3.219 0.149
(0.033/0.104)

579

AG

1
2
3

0.337
0.412
0.197

0.176
0.236
0.321

0.275
0.161
0.273

0.212
0.181
0.210

0.286
2.277
(0.023/0.079)

0.108 711

Note: ω, the dN/dS rate ratio. К, ts/tv (transition/tranversion). LT, tree length. LC , the
length of encoding sequences (nucleotides) used for PAML and DnaSP analyses. The
values of π, dN, dS, ω, К, and LT are the results of Codeml analysis of PAML program
under model M0.
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Figure 39. ENCs and GC3 contents of each gene from each species. The mean
calculation does not include genes from Gossypioides kirkii (outgroup).
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Figure 40. The plot of ENC against GC3 using the Nc-plot of Wright (1990).
Furthermore, we explored rate heterogeneity among genes (table 25).
Surprisingly, the dN/dS rate ratio of PI-small is extremely low (ω = 0.053), because PIsmall has an extremely low dN value (0.007 nonsynonymous substitutions/site) and a
relatively higher dS value (0.124 synonymous substitutions/site). One possible
explaination for this extremely low dN/dS rate ratio is that PI-small is subject to a very
strong purifying selection and a relatively higher mutation rate. Moveover, the dN/dS rate
ratio of of AP3 gene is relatively high (ω = 0.645) across all species, about 2~3 times the
rate ratios for genes B-sister, PI-big and AG, and 12.17 times the ratio for the PI-small
gene. The difference in dN/dS is consistent with the difference in tree lenth (LT).

2. Comparing Ka and Ks among Gossypium lineages
To explore whether rate heterogeneity existed among Gossypium lineages for any
of the five genes, we used Codeml program of PAML 3.5 for each gene. We tested
Models M0, M1a, M2a, M7 and M8 (see methods for the differences of these models),
and found the outputs of Ka and Ks of each gene between each pair of lineages are
identical. As shown in table 26, the comparisons between ingroup species and the
outgroup yields the highest Ka and Ks values in almost all cases, as expected from the
species topologies. And the average Ka and Ks values are higher in the At-Dt (Asubgenome homoelog vs. D-subgenome homoelog) and A-D comparisons than in the A92

Table 26: Molecular evolutionary rates in various comparisons among lineages
Gene

K

A-At

D-Dt

At-Dt

A-D

B-sister

Ka

0.0031

0.0062

0.0062

0.0052

0.0025

Ks

0.0036

0.0146

0.0183

0.0295

0.0725

Ka /Ks

0.8611

0.4247

0.3388

0.1763

0.0345

Ka

0.0083

0.0083

0.0104

0.0115

0.0217

Ks

0.0109

0.0072

0.0367

0.0332

0.0511

Ka /Ks

0.7615

1.1530

0.2834

0.3464

0.4247

Ka

0.0000

0.0011

0.0011

0.0000

0.0026

Ks

0.0350

0.0306

0.0351

0.0486

0.0203

Ka /Ks

0.0000

0.0359

0.0313

0.0000

0.1281

Ka

0.0022

0.0065

0.0087

0.0065

0.0085

Ks

0.0000

0.0174

0.0263

0.0353

0.0598

-1

0.3736

0.3308

0.1841

0.1421

Ka

0.0054

0.0027

0.0063

0.0068

0.0056

Ks

0.0000

0.0065

0.0230

0.0130

0.0687

-1

0.4154

0.2739

0.5231

0.0815

AP3

PI-small

PI-big

Ka /Ks
AG

Ka /Ks

Note: the apparent high or low values are bolded.
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Ingroup-OG

At and D-Dt comparisons of B-sister gene and PI-small gene, because A-D divergence
occurred before the formation of allotetrapolyploids (AD). Moreover, the Ka values are
low in each comparison for the five genes except AP3.
The B-sister gene shows an obviously high Ka/Ks rate ratio in the A-At
comparisons, which is 0.8611. This high rate ratio mainly comes from the contribution of
an extremely low Ks value, which is 0.0036 and almost four times (or more) lower than
that in the other comparisons. But the Ks value in A-At comparison is only 2 times lower
than which in D-Dt and At-Dt comparisons. One possible explanation is that Asubgenomes in polyploids are subject to functional constraints plus an extremely low
mutation rate.
The AP3 gene has a relatively high Ka/Ks ratio (0.7615) in the A-At comparisons,
and Ka/Ks rate ratio greater than 1 (1.1530) in the D-Dt comparisons, which suggests a
positive selection on the D-subgenomic AP3 gene of the allotetraploids. The Ka values
are the highest one among all the genes in all comparisons, indicating that AP3 gene is
selectively favoured so that more nonsynonymous substitutions have been fixed (see
below), or just a relaxation of selection.
In contrast to the AP3 gene, the Ka values in all comparisons for PI-small gene is
extremely low, with 0.000 in A-At and A-D comparisons, and 0.0011 in D-Dt and At-Dt
comparisons. The Ks values in all comparisons within the ingroup are high (0.0306 0.486). This suggests that the D(-sub)genemic copy, and expecially the A(-sub)genomic
copy are subject to strong purifying selection and an increased mutation rate.
In addition, The Ka value (0.002) and Ks value (0.000) in A-At comparison of PIbig gene are relatively low, compared to which in the other comparisons of the same
gene. Similarly, the Ka and Ks values in the A-At (0.0054 and 0.000, respectively) and
D-Dt (0.0027 and 0.0065, respectively) comparisons of AG gene are relatively low. These
low values imply a functional constraint and/or a low mutation rate.
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3. Detecting positive selection
Considering the high Ka/Ks rate ration in A-At comparison of B-sister and in AAt and D-Dt comparisons of AP3, we assessed the potential for positive selection in these
two genes. Here we used Codeml program of PAML 3.5 under site-based Models M0,
M1a, M2a, M7 and M8. We performed these tests for genes B-sister, PI-small, PI-big
and AG and found that there is no indication of positive selection having acted. The test
statistic 2Δℓ from models M1a and M2a is smaller than the the χ2 critical values. This was
also observed for the tests under M7 and M8. And the values of frequencies (p2 in M2a
and p1in M8) are almost always 0.000 for positively selected sites in the two sets of tests
(table 27; data from analyses of PI-small, PI-big and AG not shown). However, when we
applied the above tests to AP3, we found strong evidence supporting positive selection on
AP3, as suggested by the Ka/Ks rate ratios. As shown in table 28, the null models M1a
and M7 have been rejected (P<0.05). The frequencies of positively selected sites (ω2=
3.154 in M1a/M2a test, and ω=2.953 in M7/M8 test, which are larger than 1) are 0.204
(p2) and 0.228 (p1), respectively, in M1a/M2a and M7/M8 tests. As a result, there are
about 63 and 70 sites among the 309 codons examind in the two tests, respectively.
Moreover, the positively selected sites are the same in the two tests by BEB analysis
(Bayes Empirical Bayes analysis, Yang et al. 2005): 51F, 58T, 72E, 149I, 179G and
200D with 0.65 <P<0.91 in the first test and 0.74<P<0.95 in the second.

4. The evidence of involvement of a LTR-retroelement in PI-big gene in
D-subgenome of G. hirsutum
We observed a large insertion of 561 bp within the last intron of PI-big gene from
the D-subgenome of G. hirsutum (figure 41). There are two CAAGT repeats at both end
of this insertion while only one at the same positions of PI-big homologs from other
species as well as from the A-subgenome of G. hirsutum. This sequence terminates in
short inverted repeats, 5′-TG-3′ and 5′-CA-3′, which is the characteristic of LTR
sequences of LRT-retroelements (Kumar & Bennetzen 1999). Blast results indicate the
presence of an LTR-containing retroelements that has been previously reported in G.
hirsutum. Grover et al. (2004) reported that an inner copia retroelement containing two
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Table 27: Parameter Estimates and log likelihood values under different models of
Codeml program of PAML 3.5 for the B-sister gene
Model

p

InL

χ2

Estimates of

Positively

Parameters

Selected Sites

M0: one-ratio

1

-1010.936

ω=0.275

None

M1a: neutral

1

-1010.936

p0 =1.000, p1=0.000

Not allowed

M2a: selection

3

-1010.936

p0 =1.000, p1=0.000

None

P>0.99

(p2 = 0.000), ω2=1.000
M7: beta

2 -1010.939

M8: beta & ω

4 -1010.939

P>0.99

p= 37.558, q=99.000

Not allowed

p0 =1.000, p=37.558

None

q=99.000, (p1 = 0.000)
ω=1.000
Note: p, numbers of parameters in the ω distribution. Positively selected sites are detected
by BEB method of PAML 3.5.
Table 28: Parameter Estimates and log likelihood values under different models of
Codeml program of PAML 3.5 for AP3 gene
Model

p

InL

χ2

Estimates of

Positively

Parameters

Selected Sites

M0: one-ratio

1

-1147.116

ω=0.645

None

M1a: neutral

1

-1144.412

p0 = 0.583, p1= 0.417

Not allowed

M2a: selection

3

-1141.014 P<0.05

p0 =0.796, p1=0.000

51F 58T 72E 149I

(p2 = 0.204), ω2= 3.154 179G 200D (at
0.65 <P<0.91)
M7: beta

2 -1144.423

M8: beta & ω

4 -1141.018

P<0.05

p= 0.005, q=0.008

Not allowed

p0 =0.772, p=0.005

51F 58T 72E

q=13.655, (p1 = 0.228)

149I 179G 200D

ω=2.953

(at 0.74<P<0.95)

Note: p, numbers of parameters in the ω distribution. Positively selected sites are detected
by BEB method of PAML 3.5.
96

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

..CAAGGTGGAGATTGTTAACATTAATGGAAGACAACATTAATGGCAAACAATACAAAGTGG
..GTTTGATGATACTGTTAACATTAATGGAAGACAATATTAATGGCAAACAATACAAAGTGG
..CTTATTTCAAGTTGTTAACATTAATGGAAGACAACATTAATGGCAAACAATACAAAGTGG
..............................................................
..CTTATTTCAAGT------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

TGCAAGTTTAGCACCCTAAAGTTGACTTTGAAAAAGTGGCATGGGATAATTTTTTTTTTG
TGCAAGTTTAGCACCCTAAAGTTGACTTTGAAAAAGTGGCATGGGATAATTTTTTTTTTG
TGCAAGTTTAGCACCCTAAATTTGACTTAGAAAAAGTGGCATGGGATAATTTTTTTT--G
............................................................
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

GTCCTTGAGATAATGGGCTATTTATTGTTTGGTCCTTAAACCTCAACTATAAATAGGCCT
GTCCTTGAGATAATGGGCTATTTATTGTTTGGTCCTTAAACCTCAACTATAAATAGGCCT
GTCCTTGAGATAATGGGCTATTTATTGTTTGGTCCTTAAACCTCAACTATAAATAGGCCT
............................................................
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

TCTCATTTCTCATTTCAATTCATCCCAACCAATCTTTCTCTCTTAGTTTTCTCTCTTCTC
TCTCATTTCTCATTTCAATTCATCCCAACCAATCTTTCTCTCTTAGTTTTCTCTCTTCTC
TCTCATTTCTCATTTCAATTCATCCCAACCAATCTTTCTCTCTTAGTTTTCTCTCTTCTC
............................................................
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

CCATTTGAGAATTCTTAAGGAATTCTATTTGTTTGTAATACTTTGGAGATAGTAAAGTTA
CCATTTGAGAATTCTTAAGGAATTCTATTTGTTTGTAATACTTTGGAGATAGTAAAGTTA
CCATTTGAGAATTCTTAAGGAATTCTATTTGTTTGTAATACTTTGAAGATAGTAAAGTTA
...................GAATTCTATTTGTTTGTAATATTTTGGAGATAGTAAATTTA
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

TCATCTGGTGTTAGTGCCCAAGGACGTAGGTATAATTTACCGAACCTCGTTAAAACTCTT
TCATCTGGTGTTAGTGCCCGAGGACGTAGGTATAATTTACCGAACCTCGTTAAAACTCTT
TCATCTGGTGTTAGTGCCCGAGGACGTAGGTATAATTTACCGAACCTCGTTAAAACTCTT
TCATCTGGTGTTAGTGCCCGAGGACGTAGGTAAAATTTACCGAACCTCGTTAAAACTCTT
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

GTGTTCTTTCTTGTCCTATTTTTCTTTCAATATTTGAGGGTATAATAGTAGTATTTAATT
GTGTTCTTTCTTGTCCTATTTTTCTTTCAATATTTGAGGGTATAATAGTAGTATTTAATT
GTGTTCTTTCTTGTCCTATTTTTCTTTCAATATTTGAGGGTATAATAGTAGTATTTAATT
GTGTTTTTTCTTGTCCTATTTTTCTTTCAATATTTGAGGGTATAATAGTAGTATTTAATT
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

GTGCTATTAAATTACTATAGAAGGGATATTCTGTCTAAGGAAAGACTTGGTATTTAAGAG
GTGCTATTAAATTACTATAGAAGGGATATTCTGTCTAAGGAAAGACTTGGTATTTAAGAG
GTGCTATTAAATTACTATAGAAGGGATATTCTGTCTAAGGAAAGACTTGGTATTTAAGAG
GTGCTATTAAATTACGATAGAAGGGATATTCTGACTAAGGAAAGACTTGGTACTTAAGAG
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

ATCCATGTGATCCACCTCTCTTTCCTGGGAATTGAACTTTGTGTGATTTTTTAGTACAAT
ATCCATGTGATCCACCTCTCTTTCCTGGGAATTGAACTTTGTGTGATTTTTTAGTACAAT
ATCCTTGTGATCCACCTCTCTTCCCTGGGAATTGAACTTTGTGTGATTTTTTAGTACAAT
ATCCTTGTGATCCACCTCTCTTTCCTGGGAATTGAACTTTGTGTGATTTTTTAGTACAAT
------------------------------------------------------------

copiaLTR1
copiaLTR2
G.hirsutum.D-sub
Tub1 LTR
consensus

AATTTACACGCTTCCGACCCTATTGGAACAACA-----GATACGTGCACG
AATTTACACGCTTCCGACCCTATTGGAACAACA-----AGTGGTATCAAG
AATTTACACGCTTCCGACCCTATTGGAACAACACAAGTAGCATTTTGATT
AATTTACACGCTTCCGACCCTATTGGAACTACA-----ACATCATCTTGA
--------------------------------------AGCATTTTGATT

Figure 41. The aligment of the solo-LTR from D-subgenomic PI-big of G. hirsutum
with the two LTRs of the inner copia retroelement and partial LTR at the
downstream of 3´-UTR of TUB1 gene. Consensus sequence means the consensus
sequence of PI-big from the other Gossypium genomes.
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LTRs is located inside another copia retroelement in the D-subgenome of G. hirsutum.
The other case is a reported sequence (accession number: AF487511) which contains part
of a LTR at the downstream of 3′-UTR of beta-tubulin (TUB1) gene. The DNA sequence
of this solo-LTR is almost identical to the two LTRs of an inner copia retroelement and
the one at the downstream of TUB1 gene (figure 41). These data suggest that this
insertion is a solo-LTR with 2 TSDs (target site duplication).
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CHAPTER IV
CONCLUSION AND DISCUSSION
The evolution of duplicated genes in allotetraploids as well as their parental
diploid donors has been investigated in this research. The evolutionary fates of duplicated
genes may be subject to divergent evolution (model of divergent evolution),
pseudogenization or neofunctionalization (Birth-Death model or Birth-Death-Innovation
model, BDIM), concerted evolution (model of concerted evolution), performing partial
but complementary functions of the original gene (Duplication-DegenerationComplementation model, DDCM), or generating novel functional C-terminal motifs. The
null hypothesis here is that both duplicates are evolving independently at both the DNA
sequence level and expression level. If so, they are expected to be phylogenetically sister
groups to their orthologs from parental diploid donors, and maintain the similar, if not
identical, expression patterns. Meanwhile, both duplicates are simultaneously performing
the similar, if not identical, functions as their homologs. Alternatively, the two
homoeologs in allotetraploids may group with each other or orthologs from other
genomes, and/or have different expression patterns (even different functions). Thus, we
isolated and characterized the genomic DNA sequences and coding sequences of five
MADS-box genes in seven Gossypium species and one outgroup species, with respect to
their important functions in floral development. We performed gene structure analyses,
sequence identity analyses, expression pattern studies and phylogenetic analyses. All of
the results demonstrated that the five genes we obtained are the Gossypium homologs of
the B-sister, AP3, PI and AG genes. We found that these MADS-box genes contain
highly conserved exon/intron structures and exon length, high nucleotide identity with
homologs in Arabidopsis thaliana and Antirrhinum majus, and conserved gene
phylogeny among the genus Gossypium. All of them exhibit evidence of codon bias.
Gene silencing, biased expression patterns and involvement of LTR-retroelements had
also been detected in allotetraploid cotton.
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Part I Are Gossypium MADS-box genes subject to different
types of selection and different mutation rates?
1. Positive selection or more functional constraints on B-sister and AP3
genes?
Ka/Ks rate ratios are informative for investigation of the strength and direction of
different types of selection. If Ka/Ks < 1, then purifying selection is at work because of
the constraints of the amino acid substitution rates. If Ka/Ks > 1, then positive selection is
involved, and more nonsynonymous substitutions per site have been detected than
synonymous substitutions per site. While if Ka/Ks = 1, there is no selection (neutral) so
that synonymous and nonsynonymous substitutions happen at the same rates. Here we
found that the Ka/Ks rate ratio has been increased at least two times in A-At comparison
(Ka/Ks = 0.8611) than in the other comparisons for the B-sister gene. This increase was
also observed in the A-At (Ka/Ks = 0.7615) and D-Dt (Ka/Ks = 1.153) comparisons for
AP3 gene.
There are two possibilities to explain this observation: positive selection or
relaxation of constraints. Relaxaton of constraints can increase Ka/Ks ratio close to 1 but
not larger than 1. Ka/Ks rate ratio (= 1.1530) is larger than 1 in the D-Dt comparison for
the AP3 gene, suggesting that positive selection is involved. This has been further shown
by the Codeml analyses of PAML 3.5 under Models M1a and M2a, as well as M7 and
M8. Both sets of tests demonstrated positive selection at a 5 percent significance level
(P<0.05). The presence of positive selection is consistent with obviously increased amino
acid substitution rates in all comparisons for the AP3 gene. In addition, this positive
selection may offer a possible explanation for the abnormal phylogenetic topology of
Gossypium spp. inferred from AP3 gene (see above).
With respect to the B-sister gene, the possibility of positive selection can be
excluded by the results of the Codeml analyses (table 27), suggesting a relaxation of
constraints is responsible for the increased Ka/Ks in A-At comparison for the B-sister
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gene. The Ka in A-At comparison (Ka/Ks = 0.0031) is only half of that found in the D-Dt
comparison (Ka/Ks = 0.0062). The Ka/Ks in the A-At comparison (Ka/Ks = 0.0036) is
four times lower than in the D-Dt comparison (Ka/Ks = 0.0146). Moreover, only the
expression of the D-subgenomic B-sister can be detected by RT-PCR in G. hirsutum
ovules and/or carpels, and the A-subgenomic B-sister cannot be detected in G. hirsutum
(figure 23). The B-sister gene has been shown to be expressed in ovules and carpel walls
(Becker et al. 2002). However, only the D-subgenomic homoeolog of the B-sister gene is
expressed in G. hirsutum, while A-subgenomic homoeolog is silenced in G. hirsutum
flowers. This silencing suggests a relaxation of constraints on the A-subgenomic
homoeolog of the B-sister gene in G. hirsutum. The relaxation of constraints can be
responsible for the increased Ka/Ks rate ratio in A-At comparison for the B-sister gene.

2. Strong purifying selection or more functional constraints on genes PIsmall, PI-big and AG?
No positive selection was detected for PI-small, PI-big or AG by Codeml analyses
of PAML 3.5 under either Models M1a/M2a or M7/M8 (see Chapter V above). No
Ka/Ks rate ratios had been detected greater than or equal to 1 in these comparisons (table
29). The Ka values are extremely low in all comparisons for PI-small, with Ka = 0.0011
in both cases and no amino acid substitutions being detected in A-At and A-D
comparisons. The Ks values are high, especially in A-At and D-Dt comparisons for PIsmall, compared to the other 4 genes. The Ks values are ~ 30 times higher than Ka in DDt and At-Dt comparisons for PI-small. As a result, we suggest that the PI-small gene is
subject to a very strong purifying selection together with a very fast mutation rate within
the genus Gossypium.
With respect to the PI-big gene, the amino acid substitution rate in A-At
comparison (Ka = 0.0022) is only one third of that found in the D-Dt comparison (Ka =
0.0065), while the Ka value in the D-Dt comparison is similar to other comparisons. No
synonymous substitutions had been detected in A-At comparison. Considering only
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expression of the A-subgenomic PI-big was detected in G. hirsutun, the A-subgenomic
PI-big gene in G. hirsutum may be under greater functional constraints.
The AG gene has lower Ks values in A-At and D-Dt comparisons relative to other
comparisons. The Ks value in the A-At comparison is 0.000. And the Ka value in the DDt comparison is half of that in the A-At comparison. This suggests that the AG gene
may be also under strong functional constraints in allotetraploid Gossypium, considering
that AG gene functions not only as a C class floral organ identity gene but also as a floral
meristem identity gene.

Part II How did polyploidization affect the evolution of
Gossypium MADS-box genes?
1. Gene stasis at the DNA sequence level
(1) Independent evolution of genomic DNA sequences at low rates
As revealed by Cronn et al. (1999), two homoeologs of each of the five MADSbox genes in tetraploid cotton are evolving independently at the DNA sequence level.
The phylogenetic trees of each of the five genes as well as the concatenation of five genes
by likelihood analysis, showed two monophyletic clades, A with At and D with Dt,
consistent with previous analyses. In all cases, the A-homoeologs from two tetraploids
are sister groups within the monophyletic clade of A and At, as are D-homoeologs from
tetraploids within the monophyletic clade of D and Dt. This confirms that the
tetraploidizaton happened once in Gossypium, and these homoeologs are evolving
independently at the DNA sequence level.
(2) Conserved exon/intron structures and few length variations of MADS-box genes
The five MADS-box genes studied here have the same exon/intron structures as
their homologs in A. thaliana and A. majus. All of them contain a 7 exon/6 intron
structure, which is typical of type II MADS-box genes. The length of each exon of each
gene is conserved in Gossypium relative to A. thaliana and A. majus, with the exception
of the last exons and a slight difference in the 5′-extension of AG gene. The intron
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locations of the five genes are also conserved. The exceptions are a - 3-nucleotide shift
for introns 2 - 5 of B-sister and intron 1 of AG, and a – 6- nucleotide shift for introns 2 - 6
of AG. The intron length of each gene is relatively comparable among Gossypium species
with the exception of the large deletions in intron 4 of the AP3 gene from G. herbaceum
(~ 400 bp long) and G. gossypioides (~ 530 bp long).

2. Variations in expression patterns and functional diversification of
homoeologues within allotetraploid cotton
(1) Silencing of one homoeolog in allotetraploid floral organs
The results from RT-PCR experiments showed that the A-subgenomic B-sister
expression cannot be detected in floral parts of allotetraploid G. hirsutum (figure 23).
This absence of expression of one homoeolog in allotetraploid cotton indicates it is
experiencing a gene silencing in flowers. Both genetic mutations and epigenetic silencing
could be responsible for this gene silencing. No genetic mutations (indels, frameshift
mutations, recombination) were found in coding regions of the A-subgenomic B-sister in
G. hirsutum, but genetic mutations within 5 and/or 3 –end UTR of this homoeolog cannot
be excluded, which could inhibit its association with transcription factors. Additionally,
epigenetic silencing is a common consequence of polyploidization. Multiple epigenetic
factors can inhibit gene expression, such as modifications in DNA methylation and
histone medications, changes in transcriptional factors (expression pattern, function and
interaction with other factors), and even changes in higher-order chromatin structures
(Adams et al. 2003; Liu & Wendel 2003; Wendel 2000).
As shown above, the A-subgenomic B-sister homoeolog has an increased Ka/Ks
rate ratio. The silencing may cause a relaxation of constraints, which cause an increased
Ka/Ks rate ratio. However, A-subgenomic homoeolog is subject to low amino acid
substitution rate and low synonymous rate. So, how could a silenced gene be subject to
low synonymous and nonsynonymous rates? The possible explanations are that Asubgenomic B-sister in G. hirsutum is subject to epigenetic silencing, and/or conducts a
new function somewhere (neofunctionalization).
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(2) Activation of a retroelement by polyploidization causing different evolutionary
fates of two copies of PI gene
There are two copies of the PI gene in Gossypium as well as in the outgroup
Gossypioides kirkii. Phylogenetic analysis indicates this gene duplication occurred before
the divergence of the genera Gossypium and Gossypioides. Within allotetraploid cotton,
there are two homoeologs of each of two copies. The consequences of gene redundancy
may be increased amount of gene expression, epigenetic silencing of part of the
redundant copies, subfunctionalization and/or neofuncationalization of some reducdant
copies.
Interestingly, we found that, within G. hirsutum, the PI-big copy contains a soloLTR in the last intron (figure 41). Moreover, the expression of the D-subgenomic PI-big
copy cannot be detected. As a result, this gene redundancy within allotetraploid cotton
may have given rise to pseudogenization of the D-subgenomic PI-big, and functional
coexistence of the two PI-small homeologs and the A-subgenomic homoeolog of the PIbig copy. And the functional coexistence of 3 homoeologs of PI gene causes a broad
expression of PI-small copy in A-, D- and AD-genomes, and a constricted expression of
the PI-big copy to petals and stamens in each of the three genomes. The broad expression
of the PI-small copy might come from the relaxation of functional constraints after the
gene duplication, with the PI-big copy mainly performing PI gene function. As a result, it
is possible that the silencing of the PI-big copy caused by involvement of copia
retroelement happened after the neofunctionalization of PI-small copy. This can be tested
by further detection of PI gene in newly formed AD species.
(3) Biased expression patterns
Biased expression is a common phenomenon following polyploidization. Adams
et al. (2003) detected that 10 of 40 genes examined in G. hirsutum exhibit unequal
expression in different organs. Here we reported that two homoeologs of AP3, PI-small
and AG show biased expression patterns in G. hirsutum. As seen in figure 24, Dsubgenomic homoeolog of AP3 gene is expressed at an apparent higher level than A104

subgenomic one in almost each floral parts of G. hirsutum. The expression of Asubgenomic PI-small is pretty higher than D-subgenomic homoeolog in all floral parts,
except in fully opened sepals where the expression D-subgenomic homoeolog is higher
(figure 25). In addition, only A-subgenomic AG is expressed in G. hirsutum roots.
(4) Developmentally regulated expression alternations
During different flower developmental stages, these five MADS-box genes in G.
hirsutum have stable but narrower expression patterns, compared to that found in G.
arboreum. For example, the PI-small gene is mainly expressed in G. hirsutum petals and
stamens, while in G. arboreum flower stage 3 and fully opened flowers is also expressed
in bracts, sepals, carpels and/or ovules (figure 25). This phenomenon was also observed
for the AG, B-sister and AP3 genes, especially in flower stage 3 of G. arboreum, these
three genes have an obviously broad expression patterns. The only exception is that the
expression patterns of PI-big are highly conserved in G. arboreum, G. raimondii and G.
hirsutum.

Part III Evolutionary models of Gossypium MADS-box genes
We detected two kinds of gene duplication in this project: one is gene duplication
following polyploidization, the other is gene duplication of the PI gene prior to the
divergence of the genera Gossypium and Gossypioides. Each copy of PI from Gossypium
and Gossypioides group together with each other, implying the gene duplication of PI
happened at least in the most recent ancestor of genera Gossypium and Gossypioides.
After the expression pattern studies of each gene, we found the two duplicates of each
Gossypium MADS-box gene have different evolutionary fates (figure 42).
Firstly, coexistence of two duplicates with similar but different expression
patterns (neo- or subfunctionalization): The expression of both duplicates of AP3, AG and
PI-small genes were detected simultaneously in allotetraploid G. hirsutum. The
expression patterns of both duplicates of each of the three genes are simlar to but
different from their homologs in diploid parental donors. This phenomenon was also
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Figure 42. Evolutionary fates and models of Gossypium MADS-box genes
by allopolyploidy
observed with the two copies of the PI gene (PI-small and PI-big) in Gossypium species,
even though one homoeolog of PI-big apparently became a pseudogene. This different
expression patterns may imply different functions and thus, neo- or subfunctionalization.
Secondly, gene silencing and pseudogenization (death): Expression of the Dhomoeolog of PI-big cannot be detected in allotetraploid G. hirsutum, and the genomic
DNA contains a solo-LTR insertion in the last intron, implying pseudogenization of this
duplicate of the PI-big gene. In addition, expression of the A-homoeolog of the B-sister
gene cannot be detected in allotetraploid G. hirsutum, which may imply gene silencing of
A-homoeolog of the B-sister gene, even though we do not currently know if this
duplicate of B-sister is subject to epigenetic silencing or pseudogenization.
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As a result, different evolutionary models can be applied to different Gossypium
MADS-box genes: (1) Divergent model: the coexistence of both duplicates may cause a
relaxation of selection, and then the two duplicates may perform slightly different
functions. This is demonstrated in the two copies of the Gossypium PI gene in that the PIsmall copy has a very broader expression patterns in different species than the PI-big
copy. The two duplicates of AP3 and AG in allotetraploids also exhibited different
expression patterns from their homologs in diploid parental donors. In addition, the Dhomoeolog of B-sister showed different expression patterns from its D-homolog. (2)
Birth-Death model and Birth-Death-Innovation model: the pseudogenization of the Dhomoeolog of PI-big is a good example of death after gene duplication (birth). And there
are lots of examples of innovation of the expression patterns (function) of one duplicate
of a gene. For example, the A-homoeologs of AG and PI-big showed innovation of
expression in ovules of stage 4 floral buds of G. hirsutum. In addition, both homoeologs
of PI-small exhibited novel expression in ovules of stage 4 floral buds of G. hirsutum.
However, no evidence showed that concerted evolution model, DuplicationDegeneration-Complimentation model and C-terminal motif model can be applied to any
of the five Gossypium genes.

Part IV Conclusion
In conclusion, the five MADS-box genes are evolving independently at the DNA
sequence level but exhibit variable expression patterns in allotetraploid G. hirsutum.
Within G. hirsutum, the B-sister gene exhibits gene silencing of A-subgenomic
homoeolog, and the PI-big copy of the PI gene has experienced pseudogenization by
involvement of a copia retroelement. Meanwhile, AP3, PI-small and AG genes show
biased expression patterns in G. hirsutum. These MADS-box genes also demonstrated
developmentally regulated expression patterns in G. arboreum, G. raimondii and G.
hirsutum. In addition, the AP3 gene in Gossypium is subject to positive selection, while
PI-small copy of PI gene is subject to strong functional constraints together with very
low mutation rates.
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Table 29: Lists of the numbers of plamids cloned in this study
Plasmid #

Species

Gene

Primers

Tm (Em)

A3W1-4

G. arboreum

B-sister

AP3, AP3-R

52

A3W5-1

G. herbaceum

B-sister

AP3, AP3-R

52

A3W2-5

G. raimondii

B-sister

AP3, AP3-R

52

A3W6-1

G. gossypioides

B-sister

AP3, AP3-R

52

A3W3-3

G. stortianum

B-sister

AP3, AP3-R

52

A3W7-3

G. hirsutum A′

B-sister

AP3, AP3-R

52(Hae III)

A3W7-21

G. hirsutum D′

B-sister

AP3, AP3-R

52(Hae III)

A3W8-2

G. barbadense A′

B-sister

AP3, AP3-R

52(Hae III)

A3W8-3

G. barbadense D′

B-sister

AP3, AP3-R

52(Hae III)

A3W4-5

Gossypioides kirkii

B-sister

AP3, AP3-R

52

PWL2-1

G. arboreum

AP3

AP3-1, AP3-R1

52-62

PWL2-2

G. herbaceum

AP3

AP3-1, AP3-R1

52-62

PWL2-3

G. raimondii

AP3

AP3-1, AP3-R1

52-62

PWL2-4

G. gossypioides

AP3

AP3-1, AP3-R1

52-62

PWL6-2

G. stortianum

AP3 5′-half

AP3-1, AP3-3r

50-60(BspHI)

PWL7-55

G. stortianum

AP3 3′-half

AP3-3f, AP3-R1

50-60(Cac8 I)

PWL3-2

G. hirsutum A′

AP3 5′-half

AP3-1, AP3-2r

50-60(BspHI)

PWL3-21

G. hirsutum A′

AP3 3′-half

AP3-2f, AP3-R1

50-60(Cac8 I)

PWL3-4

G. hirsutum D′

AP3 5′-half

AP3-1, AP3-2r

50-60(BspHI)

PWL4-6

G. hirsutum D’

AP3 3′-half

AP3-2f, AP3-R1

50-60(Cac8I)

PWL3-17

G. barbadense A′

AP3 5′-half

AP3-1, AP3-2r

50-60(BspHI)

PWL4-36

G. barbadense A′

AP3 3′-half

AP3-2f, AP3-R1

50-60(Cac8 I)

PWL3-16

G. barbadense D′

AP3 5′-half

AP3-1, AP3-2r

50-60(BspHI)

PWL3-35

G. barbadense D′

AP3 3′-half

AP3-2f, AP3-R1

50-60(Cac8 I)

PWL6-24

Gossypioides kirkii

AP3 5′-half

AP3-1, AP3-3r

50-60

PWL8-10

Gossypioides kirkii

AP3 3′-half

AP3-2f, AP3-R1

50-60

PCW4-1

G. arboreum

PI-small 5′end

PI-sF0, PI-s5’R
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Table 29: Continued
Plasmid #

Species

Gene

Primers

Tm (Em)

PIW2-6

G. arboreum

PI-small 3′end

PI-f, PI-R

55

PCW6-3

G. herbaceum

PI-small 5′end

PI-sF0, PI-s5’R

55

PIW7-9

G. herbaceum

PI-small 3′end

PI-f, PI-R

55

PCW6-1

G. raimondii

PI-small 5′end

PI-sF0, PI-s5’R

55

PIW3-34

G. raimondii

PI-small 3′end

PI-f, PI-R

55

PCW6-4

G. gossypioides

PI-small 5′end

PI-sF0, PI-s5’R

55

PIW8-18

G. gossypioides

PI-small 3′end

PI-f, PI-R

55

PCW7-2

G. stortianum

PI-small 5′end

PI-sF0, PI-s5’R

55

PIW6-20

G. stortianum

PI-small 3′end

PI-f, PI-R

55

PIW20-26

G. hirsutum

PI-small 5′end

PI-sF0, PI-sr *

50-60(Xho I)

PIW21-5

G. hirsutum

PI-small 5′end

PI-sf, PI-R *

50-60(Hind III)

PIW20-26

G. hirsutum A′

PI-small 5′half

PI-sF0, PI-sr *

50-60(Xho I)

PIW21-5

G. hirsutum A′

PI-small 5′half

PI-sf, PI-R *

50-60(Hind III)

PIW20-27

G. hirsutum D′

PI-small 5′half

PI-sF0, PI-sr *

50-60(Xho I)

PIW25-57

G. hirsutum D′

PI-small 5′half

PI-sf, PI-R *

50-60(Hind III)

PIW22-14

G. barbadense A′

PI-small 5′half

PI-sF0, PI-sr *

50-60(Xho I)

PIW22-32

G. barbadense A′

PI-small 5′half

PI-sf, PI-R *

50-60(Hind III)

PIW22-12

G. barbadense D′

PI-small 5′half

PI-sF0, PI-sr *

50-60(Xho I)

PIW22-35

G. barbadense D′

PI-small 5′half

PI-sf, PI-R *

50-60(Hind III)

PCW7-25

Gossypioides kirkii

PI-small 5′end

PI-sF0, PI-s5′R

55

PWL2-19

Gossypioides kirkii

PI-small 3′end

PI-f, PI-R

55

PCW7-25

Gossypioides kirkii

PI-small 5′end

PI-sF0, PI-s5′R

55

PWL2-19

Gossypioides kirkii

PI-small 3′end

PI-f, PI-R

55

PCW4-14

G. arboreum

PI-big 5′end

PI-bF0, PI-b5′R

55-65

PIW13-7

G. arboreum

PI-big 3′end

PI-bF0, PI-b5′R

55-65

PCW5-3

G. herbaceum

PI-big 5′end

PI-bF0, PI-b5′R

55-65

PIW13-5

G. herbaceum

PI-big 3′end

PI-bF0, PI-b5′R

55-65
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Table 29: Continued
Plasmid #

Species

Gene

Primers

Tm (Em)

PCW5-1

G. raimondii

PI-big 5′end

PI-bF0, PI-b5′R

55-65

PWL4-25

G. raimondii

PI-big 3′end

PI-bF0, PI-b5′R

55

PCW5-4

G. gossypioides

PI-big 5′end

PI-bF0, PI-b5′R

55-65

PIW13-3

G. gossypioides

PI-big 3′end

PI-bF0, PI-b5′R

55-65

PCW7-1

G. stortianum

PI-big 5′end

PI-bF0, PI-b5′R

55-65

PIW13-6

G. stortianum

PI-big 3′end

PI-bF0, PI-b5′R

55-65

PIW20-51

G. hirsutum A′

PI-big 5′half

PI-bF0, PI-br *

PIW25-35

G. hirsutum A′

PI-big 3′half

PI-bf5, PI-bR2 * 50-60(Dde I)

PIW31-32

G. hirsutum D′

PI-big 5′half

PI-bF0, PI-br *

PIW21-44

G. hirsutum D′

PI-big 3′half

PI-bf5, PI-bR2 * 50-60(Dde I)

PIW24-43

G. barbadense A′

PI-big 5′half

PI-bF0, PI-br *

PIW22-56

G. barbadense A′

PI-big 3′half

PI-bf5, PI-bR2 * 50-60(Dde I)

PIW22-47

G. barbadense D′

PI-big 5′half

PI-bF0, PI-br *

PIW22-55

G. barbadense D′

PI-big 3′half

PI-bf5, PI-bR2 * 50-60(Dde I)

PCW5-2

Gossypioides kirkii

PI-big 5′end

PI-bF0, PI-b5′R

55

PWL2-8

Gossypioides kirkii

PI-big 3′end

PI-f, PI-R

55

AWL12-1

G. arboreum

AG 5′end

AG-dF0, AG-r *

55-65

AWL2-2

G. arboreum

AG 3′end

AG, AG-R

55-65

AWL12-2

G. herbaceum

AG 5′end

AG-dF0, AG-r *

55-65

AWL4-12

G. herbaceum

AG 3′end

AG, AG-R

55-65

AWL8-2

G. raimondii

AG 5′end

AG-dF0, AG-r *

55-65

AWL2-17

G. raimondii

AG 3′end

AG, AG-R

55-65

AWL8-3

G. gossypioides

AG 5′end

AG-dF0, AG-r *

55-65

AWL4-38

G. gossypioides

AG 3′end

AG, AG-R

55-65

AWL11-1

G. stortianum

AG 5′end

AG-dF0, AG-r *

55-65

AWL2-28

G. stortianum

AG 3′end

AG, AG-R

55-65

AWL9-1

G. hirsutum A′

AG 5′end

AG-dF0, AG-r *

55-65(XhoI)
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50-60(Taq I)
50-60(Taq I)
50-60(Taq I)
50-60(Taq I)

Table 29: Continued
Plasmid #

Species

Gene

Primers

Tm (Em)

AWL6-4

G. hirsutum A′

AG 3′end

AG, AG-R

55-65(HaeIII)

AWL10-1

G. hirsutum D′

AG 5′end

AG-dF0, AG-r *

55-65(XhoI)

AWL6-16

G. hirsutum D′

AG 3′end

AG, AG-R

55-65(HaeIII)

AWL9-2

G. barbadense A′

AG 5′end

AG-dF0, AG-r *

55-65(XhoI)

AWL6-28

G. barbadense A′

AG 3′end

AG, AG-R

55-65

AWL10-2

G. barbadense D′

AG 5′end

AG-dF0, AG-r *

55-65(XhoI)

AWL6-25

G. barbadense D′

AG 3′end

AG, AG-R

55-65

AWL10-3

Gossypioides kirkii AG 5′end

AG-dF0, AG-r *

55-65

AWL2-32

Gossypioides kirkii AG 3′end

AG, AG-R

55-65

Note: * means two rounds of PCR reactions had been used with the first round products
amplifying the whole genes being the template for the second round PCR reactions. Tm,
annealing temperature. Em, enzyme used for digestion.
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